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Geochemistry, U–Pb geochronology and Hf-isotope zircon composition of 
Variscan granitoids from the Montes de Toledo batholith 
 
ABSTRACT 
The Variscan Montes de Toledo batholith, located in the Central Iberian Zone (SW European 
Variscides), is an east to west plutonic array composed of S-type granitoids with a marked 
peraluminous composition (ACNK > 1). Many continental collision-related granitoids show a 
peraluminous composition with a S-type affinity (metasedimentary-derived) character. Nevertheless, 
three distinct peraluminous granitoid series have been identified within the Montes de Toledo 
batholith: type-1, extremely high peraluminous restite-rich granitoids; type-2, highly peraluminous 
restite-bearing granitoids; and type-3, moderately peraluminous granitoids with mafic microgranular 
enclaves. Type-1 and type-2 granitoids are restricted to the western part of the batholith (W-MTB), 
whereas type-3 granites are mostly found in the eastern segment (E-MTB). Most W-MTB granitoids 
(types-1 and -2) present a high amount of peraluminous minerals, such are the two aluminium silicate 
polymorphs andalusite and sillimanite, cordierite and tourmaline, whereas in the E-MTB (type-3 
granitoids) most of these phases are absent or scarcely found. Only some of the most fractionated (and 
peraluminous) units from this latter series of the E-MTB scarcely contain cordierite nodules and 
andalusite as Al-rich minerals. Furthermore, granodiorites to monzogranites from the W-MTB are 
enriched in P2O5, and almost all of their rock-forming minerals include P in their structure. On the 
contrary, E-MTB granitoids show higher CaO contents and slightly more negative mean ƐNd whole-
rock values than most of the type-1 and type-2 W-MTB granitoids. It is interesting to note that each 
peraluminous series of the Montes de Toledo batholith not only shows different petrographic, 
geochemical and isotopic features, but also followed distinct fractionation trends during magma 
evolution.  
Some highly fractionated granites were progressively enriched in incompatible elements (P, Li, 
Be, U…), reaching the highest concentrations of all granitoid series, shown both in whole-rock and in 
mineral chemistry, even compared to other Variscan granitoid sectors from the Central Iberian Zone 
and Central Europe. The most fractionated granite is located in the westernmost part of the batholith 
(the Belvís de Monroy pluton), showing an important enrichment in incompatible and volatile 
elements. A singular association of Al-rich minerals: gahnite (ZnAl2O4), chrysoberyl (BeAl2O4) and 
beryl (Be3Al2Si6O18) have been found as accessory minerals in the external, most evolved, 
leucogranitic unit within this reversely zoned pluton. The highly felsic (SiO2 > 72 wt.%) and 
peraluminous (ACNK > 1.2) character of this leucogranite, together with the high content of some 
incompatible elements (F, Li, B, U and P), seems to be a primary consequence of fractional 
crystallisation in a compositionally heterogenous felsic magmatic system. The high Be contents and 




Moreover, the Si, Al, P, B, and F activities might be high, favouring the magmatic crystallisation of 
such rare mineral association together with Be-rich cordierite, F-Li-rich micas, sillimanite and Al-rich 
phosphates. In fact, the interplay between the silica and alumina activities likely controls the 
stabilisation and the preferential crystallisation of gahnite + chrysoberyl or beryl + chrysoberyl 
assemblages in mm-sized microdomains. 
U–Th–Pb monazite dating by electron microprobe and U–Pb zircon geochronology by LA–ICP-
MS have been applied to most of the peraluminous granitic intrusions of the Montes de Toledo 
batholith (MTB). Back-scattered electron images of monazite crystals reveal a variety of internal 
textures: patchy zoning, overgrowths around older cores and unzoned crystals. On the basis of their 
zoning pattern and chemical composition, two monazite domains can be distinguished: (1) corroded 
cores and crystals with patchy zoning, exhibiting relatively constant Th/U ratios and broadly older ages, 
and (2) unzoned grains and monazite rims, with variable Th/U ratios and younger ages. The first 
monazite group represents inherited domains from metamorphic sources, which accounts for pre-
magmatic monazite growth events. Two average ages of 333 Ma relate these cores to a Visean 
extensional deformation phase. The second group represents igneous monazites which have provided 
crystallisation ages from 314 to 298 Ma: Belvís de Monroy (314 Ma), Torrico (303 Ma) and Villar del 
Pedroso granites (298 Ma). In addition, U–Pb zircon geochronology reveals that the type-1 granitoids 
were emplaced in late-tectonic stages with respect to the Variscan D2 deformation phase of the Central 
Iberian Zone, showing similar crystallisation ages than those found in other restite-rich peraluminous 
granitoids from the neighbouring Anatectic Complex of Toledo, located to the north of the E-MTB. 
Type-2 and type-3 granitoids are almost coeval and yield emplacement ages which would be related to 
regional post-tectonic stages of the CIZ (from 310 to 297 Ma). Hence, most MTB intrusions represent 
post-tectonic magmas emplaced mostly within a time interval of about 13 Ma, similar to that obtained 
in equivalent intrusions from nearby Variscan magmatic sectors (e.g., the Spanish Central System 
batholith). Nevertheless, some of them are likely late-tectonic intrusions (316–310 Ma), which would 
extend the timing of the batholith formation for about 19 Ma between 316 (Azután pluton) and 297 Ma 
(Madridejos pluton). 
Although the degree of peraluminousity of the distinct series could be related to different partial 
melting conditions or to the variable entrainment of restitic components (including the peritectic 
mineral assemblage of the melting reactions), the distinct geochemical (slightly lower CaO and higher 
P2O5 contents are restricted to the W-MTB granitoids) and isotopic (Sr, Nd, Pb) whole-rock signatures 
of the peraluminous granitoid types suggest the involvement of different sources. The absence of mafic 
rocks in the area points against the contribution of mantle-derived materials in the genesis of these 
peraluminous melts. The combination of U–Pb geochronology and Hf-isotope zircon composition, also 
testify for the involvement of contrasting crustal sources for the generation of the distinct peraluminous 
series from the Montes de Toledo batholith. Type-1 and type-2 granitoids contain mostly Archean to 
Neoproterozoic inherited zircons, whereas type-3 granitoids show preferentially Neoproterozoic (up to 




inheritances. Although most of the MTB granites display a dominant Neoproterozoic population of 
inherited zircons, Cambrian, Mesoproterozoic, Paleoproterozoic and Archean ages are only found in the 
western segment of the batholith (types-1 and -2 granitoids). This wide range of inherited zircons may 
suggest that these granite melts were generated by partial melting of either a heterogeneous crustal 
source or a metasedimentary protolith composed of distinct zircon provenances. Cambrian inheritances 
are also found in other peraluminous Variscan plutons from Central Iberia (e.g., the Nisa-Alburquerque 
batholith). Several metasedimentary areas from the Central Iberian Zone display Cambrian to Archean 
zircons: low-grade metasediments from the Schist Greywacke Complex (S-CIZ), high-grade 
metasediments from the Spanish Central System and the Anatectic Complex of Toledo (N-CIZ), and 
lower crustal granulite xenoliths from the SCS (N-CIZ). The inherited zircon population of the W-MTB 
granitoids resemble that of the metasediments from CIZ in their high abundance of Neoproterozoic 
inheritances (with the main peak located at about 620–590 Ma), the scarcity of late Mesoproterozoic 
ages (∼1500–1200 Ma) and the presence of old inherited zircons up to the Neoarchean. 
The wide range of initial Hf isotope composition, reaching highly radiogenic values (ƐHf up to 
+10), of Neoproterozoic zircon inheritances in type-1 and type-2 granitoids suggests derivation from 
heterogeneous Neoproterozoic metasedimentary sources composed of both juvenile and recycled crustal 
materials, similar in composition to the host Schist-Greywacke Complex (SGC) metasediments. Trace-
element modelling also supports the involvement of such metasediments from the southern Central 
Iberian Zone. In fact, most W-MTB granites have initial ƐNd quite similar to those measured in these 
metasedimentary sequences (mean ƐNd values of –5.6 and –5.4, respectively). Nevertheless, the highly 
negative initial Nd isotopic signature measured in some type-1 granitoids (ƐNd300 up to –9.4) also 
suggests a contribution of more mature metasediments, such as those described in the northern Central 
Iberian Zone. On the contrary, the high Ca, Na and Sr bulk-rock contents in type-3 granitoids, together 
with the presence of Ordovician magmatic inherited zircons, and the absence of inheritances older than 
Cryogenian ages, suggest the involvement of a metaigneous protolith. This conclusion is also supported 
by the similar mean whole-rock ƐNd300 isotopic values, TDM ages, ƐHf isotope zircon composition and 
trace-element modelling of type-3 granitoids when compared to data from outcropping augen 
orthogneisses from central Spain. The paucity of mantle-derived materials in the Montes de Toledo 
batholith dismisses an important heat advection from the mantle to generate the partial melting of the 
crustal protoliths involved in the generation of this Variscan magmatism, and rather suggest that the 
partial melting could be induced by the own heat generated by the thickening of a highly radiogenic 
crust, such is that from central Spain. This would agree with the estimated crystallisation temperatures 
for the granitoids from the Montes de Toledo batholith (from 850 to 750 ºC, based on thermometry 
calculations obtained both in whole-rock and in different minerals), similar to those obtained from 
biotite-dehydration partial melting experiments on diverse crustal rocks and from geothermometry 
perfomed in some anatectic complexes from central Spain. The presence of igneous muscovite 
coexisting with andalusite and sillimanite in some of the studied granites, together with the complex Al-
rich mineral assemblage found in the most evolved units and the high-grade contact metamorphism 
found in some host-rocks, suggest that granite solidus was reached at 700–670 ºC and depths 




All these results indicate that the nature of the source region not only directly influences the bulk 
composition of the parental melts, but also determines the geochemical evolution and variability 
followed through the operation of fractional crystallisation processes in the generated felsic magmas. 
The Neoproterozoic metasediments from the southern domain of the CIZ probably inherited their high 
phosphorous contents to type-1 and type-2 granitoids, as shown by the high P contents of these 
granitoids and of their rock-forming minerals, which increase towards the differentiation of these melts. 
In fact, many P-rich granite batholiths from the Central Iberian Zone are confined to the S-CIZ region, 
in which the metasedimentary sequences from the Schist-Greywacke Complex are dominant. Finally, it 
should be noted that this contribution not only confirms that the partial melting of metasedimentary 
and/or metaigneous sources may generate S-type granitoids, but also evidences the continuous recycling 




Geoquímica, geocronología U–Pb y composición isotópica de Hf en circón de 
granitoides Variscos del batolito de los Montes de Toledo 
El batolito Varisco de los Montes de Toledo, situado en la Zona Centro-Ibérica (SW del Varisco 
Europeo), es una alineación plutónica de este a oeste compuesta por granitoides de tipo-S con una 
composición marcadamente peralumínica (ACNK > 1). Muchos granitoides relacionados con colisiones 
continentales muestran una composición peralumínica con una  afinidad a tipos-S (derivados de fuentes 
metasedimentarias). Sin embargo, tres series de granitoides peralumínicos distintas han sido 
identificadas dentro del batolito de los Montes de Toledo: tipo-1, granitoides ricos en restitas 
extremadamente  peralumínicos; tipo-2, granitoides restíticos altamente peralumínicos; y tipo-3, 
granitoides moderadamente peralumínicos con enclaves microgranulares máficos. Los granitoides  de 
tipo-1 y tipo-2 se limitan a la parte occidental del batolito (W-MTB), mientras que los de tipo-3 se 
encuentran sobre todo en el segmento oriental (E-MTB). La mayoría de los granitoides del W-BMT 
(granitoides tipos-1 y -2) presentan una gran cantidad de minerales peralumínicos, tal como son los dos 
polimorfos de silicato alumínico andalucita y silimanita, cordierita y turmalina, mientras que en los del 
E-BMT (granitoides tipo-3), la mayor parte de estas fases está ausente o se encuentra de manera muy 
escasa. Únicamente algunas de las unidades más fraccionadas (y peralumínicas) de esta última serie del 
E-BMT contienen nódulos de cordierita y andalucita como minerales ricos en Al. Además, las 
granodioritas y monzogranitos del W-BMT están enriquecidas en P2O5, y la mayoría de los minerales 
que conforman estas rocas incluyen P en su estructura. Por el contrario, los granitoides del E-BMT 
muestran mayores contenidos en CaO y valores medios de ƐNd de roca total ligeramente más negativos 
que la mayoría de los granitoides de tipos-1 y -2 del W-BMT. Es interesante señalar que cada serie 
peralumínica del batolito de los Montes de Toledo no sólo muestra diferentes características 
petrográficas, geoquímicas e isotópicas, sino que también presenta tendencias distintas de 
fraccionamiento seguidas durante la evolución de los magmas graníticos. Algunos granitos se 
enriquecieron progresivamente en diversos elementos (p.e., P, Li, Be, U), alcanzando las mayores 
concentraciones de todas las series, tanto en roca total  como en la química mineral, incluso en 
comparación con otros sectores graníticos Variscos de la Zona Centro-Ibérica (ZCI) y de Europa 
central. El granito más fraccionado se encuentra en la parte más occidental del batolito (el plutón de 
Belvís de Monroy), mostrando un importante enriquecimiento en elementos incompatibles y volátiles. 
Gannita (ZnAl2O4), crisoberilo (BeAl2O4) y berilo (Be3Al2Si6O18) han sido encontrados como minerales 
accesorios en la unidad leucogranítica más externa y más fraccionada dentro de este plutón con zonado 
inverso. El carácter altamente félsico (SiO2 > 72 wt. %) y peralumínico (ACNK > 1.2) de este 
leucogranito, junto con el alto contenido en algunos elementos incompatibles (F, Li, B, U y P), parece 
ser una consecuencia primaria de cristalización fraccionada en un sistema magmático cerrado. Los altos 
contenidos en Be y en las relaciones de Zn/Fe (> 0.01) son factores relevantes que han favorecido la 




altas, lo que favoreció la cristalización magmática de dichas fases minerales exóticas junto con 
cordierita rica en Be, micas ricas en F-Li, silimanita y fosfatos ricos en Al. De hecho, la interacción 
entre las actividades de sílice y alúmina probablemente controla la estabilización y la cristalización 
preferencial de las asociaciones minerales gannita + crisoberilo o berilo + crisoberilo en microdominios 
de tamaño milimétrico. 
Se ha realizado la datación U–Th–Pb en monacita por microsonda electrónica y geocronología U–
Pb en circón por LA–ICP-MS en diversas intrusiones del batolito de los Montes de Toledo (BMT) para 
constreñir su edad de emplazamiento. En base a las texturas internas y zonados de monacita (zonados 
irregulares, sobrecrecimientos alrededor de núcleos más antiguos, y cristales sin zonado) y su 
composición química, dos dominios de monacita se pueden distinguir: (1) núcleos corroídos y cristales 
con zonado irregular, mostrando relaciones Th/U relativamente constantes y un gran número de edades 
más antiguas, y (2) cristales no zonados y bordes de monacita, con valores variables de Th/U y edades 
más jóvenes. El primer grupo representa dominios heredados en monacita de fuentes metamórficas, que 
representa los eventos pre-magmáticos de crecimiento de monacita. Dos edades promedio de unos 333 
Ma relacionan estos núcleos con una fase de deformación extensional Viseense. El segundo grupo 
representa monacitas ígneas que han proporcionado edades de cristalización de 314–298 Ma: estos son 
los granitos de Belvís de Monroy (314 Ma), Torrico (303 Ma) y Villar del Pedroso (298 Ma). Además, 
la geocronología U–Pb en circón revela que los granitoides de tipo-1 se emplazaron durante etapas 
tardí-tectónicas con respecto a la fase de deformación Varisca D2 de la Zona Centro-Ibérica, mostrando 
edades de cristalización similares a las encontradas en otros granitoides peralumínicos ricos en restitas 
del colindante Complejo Anatéctico de Toledo, situado al norte del E-BMT. Los granitoides de tipo-2 y 
-3 son mayormente coetáneos y muestran edades de emplazamiento que podrían relacionarse con etapas 
regionales post-tectónicas (de 310 a 297 Ma). Por tanto, la mayoría de las intrusiones del BMT 
representan magmas post-tectónicos emplazados en un intervalo de tiempo de alrededor de 13 Ma, 
similar al encontrado en otras intrusiones magmáticas de sectores Variscos cercanos (p.e., el batolito del 
Sistema Central Español). Sin embargo, algunas intrusiones son tardi- a post-tectónicas (316–310 Ma), 
lo que extendería el tiempo de la formación del batolito alrededor de 19 Ma entre 316 y 297 Ma. 
Aunque el grado de peraluminosidad de las distintas series podría estar relacionado con diferentes 
condiciones de fusión parcial o el arrastre e incorporación de componentes restíticos (incluyendo la 
asociación mineral peritéctica de las reacciones de fusión), las distintas signaturas geoquímicas 
(contenidos ligeramente inferiores de CaO y mayores de P2O5 que se limitan al W-MTB) e isotópicas en 
base a  roca total (Sr, Nd, Pb) de los distintos tipos graníticos peralumínicos apuntan a la participación 
de fuentes diferentes. La ausencia de rocas máficas en el área no es coherente con una contribución 
directa de materiales derivados del manto en la génesis de estos fundidos peralumínicos, y más bien 
sugiere la participación de fuentes corticales. La combinación de geocronología U–Pb y composición 
isotópica de Hf en circón también revela la involucración de fuentes corticales heterogéneas distintas 
para la generación de las diferentes series peralumínicas del batolito de los Montes de Toledo. Los 
granitoides de tipo-1 y -2 contienen principalmente circones heredados Arcaicos a Neoproterozoicos, 




Criogénico) y Ordovícicas. A pesar de que la mayoría de los granitos del BMT muestra una población 
dominante de circones heredados Neoproterozoicos, edades Cámbricas, Mesoproterozoicas, 
Paleoproterozoicas y Arcaicas son únicamente encontradas en el segmento occidental del batolito 
(granitoides de tipos-1 y -2). Este rango tan amplio de circones heredados podría sugerir que estos 
fundidos fueron generados por fusión parcial tanto de una fuente cortical heterogénea como por un 
protolito metasedimentario compuesto por circones de diversas procedencias. Herencias Cámbricas han 
sido también encontradas en otros plutones Variscos peralumínicos de la Zona Centro-Ibérica (p.e., el 
batolito de Nisa-Alburquerque). Varias áreas metasedimentarias de la Zona Centro-Ibérica presentan 
circones de edad Cámbrica a Arcaica: metasedimentos de bajo grado del Complejo Esquisto-
Grauváquico (S-ZCI), metasedimentos de alto grado del Sistema Central Español y del Complejo 
Anatéctico de Toledo (N-ZCI), y xenolitos granulíticos de la corteza inferior encontrados en el SCE (N-
ZCI). La población de circones heredados de los granitoides del W-BMT se parece a la de los 
metasedimentos de la ZCI en su gran abundancia de herencias Neoproterozoicas (con el pico máximo 
localizado a alrededor de 620–590 Ma), en la escasez de edades Mesoproterozoicas tardías (∼1500–
1200 Ma) y en la presencia de circones heredados antiguos de edad Neoarcaico. 
El amplio rango de composición isotópica de Hf en circón, que abarca hasta valores altamente 
radiogénicos (ƐHf hasta +10) en las herencias Neoproterozoicas de los granitoides de tipos-1 y -2 
sugiere derivación de fuentes metasedimentarias Neoproterozoicas heterogéneas compuestas por 
materiales corticales tanto juveniles como reciclados, similares a los metasedimentos del Complejo 
Esquisto-Grauváquico (CEG). La modelización de elementos traza sugiere claramente la implicación de 
este tipo de metasedimentos de la parte meridional de la ZCI. De hecho, la mayoría de los granitos del 
W-BMT tienen valores iniciales de ƐNd bastante similares a los medidos en estas secuencias 
metasedimentarias (valores medios de ƐNd de –5.6 y –5.4, respectivamente). Sin embargo, la firma 
isotópica inicial tan negativa de Nd medido en algunos granitoides de tipo-1 (ƐNd300 hasta –9.4) 
también sugiere una contribución de secuencias metasedimentarias más evolucionadas, tales como las 
descritas en el dominio septentrional de la ZCI. Por el contrario, los altos contenidos en Ca, Na y Sr de 
los granitoides de tipo-3, junto con la presencia de circones heredados de edad Ordovícica, de aspecto 
magmático, y la ausencia de herencias con edades más antiguas al Criogénico, sugiere la participación 
de protolitos metaígneos. Esta conclusión es apoyada también por los valores isotópicos medios de 
ƐNd300 y edades TDM en roca total, la composición isotópica de ƐHf en circón y la modelización de 
elementos traza de los granitoides de tipo-3, muy similares en comparación con los datos de ortogneises 
aflorantes del centro de España. La escasez de materiales derivados del manto en el batolito de los 
Montes de Toledo desestima un importante flujo de calor procedente del manto para generar la fusión 
parcial de los protolitos corticales involucrados en la generación de este magmatismo Varisco, y más 
bien sugiere que  la fusión parcial pudo estar inducida por el propio calor generado durante el 
engrosamiento de una corteza altamente radiogénica, tal como la que se encuentra en el centro de 
España. Esto estaría de acuerdo con las temperaturas de cristalización estimadas para los granitoides del 
batolito de los Montes de Toledo (850–750 ºC, basado en cálculos termométricos obtenidos en roca 
total y en diferentes minerales), similares a las obtenidas en experimentos de fusión parcial por 




complejos anatécticos del centro de España. La presencia de moscovita ígnea coexistiendo con 
andalucita y silimanita en algunos de los granitos estudiados, junto con la amplia asociación mineral 
rica en Al que se encuentra en las unidades más evolucionadas, y el metamorfismo de contacto de bajo 
grado encontrado en algunas rocas encajantes, sugieren que el solidus granítico se alcanzó en torno a 
700–670 ºC y profundidades correspondiente a presiones de 1–2 kbar. 
Estos resultados indican que la naturaleza del área fuente no sólo influencia la composición de los 
magmas parentales, sino que también determina la variabilidad química y la evolución seguida por los 
magmas félsicos a través de los procesos de cristalización fraccionada. Los metasedimentos 
Neoproterozoicos del dominio meridional de la ZCI problablemente heredaron sus altos contenidos en 
fósforo a los granitoides de tipo-2, tal como muestran las altas concentraciones en P tanto en roca total 
como en la mayoría de los minerales que componen estas seies, los cuales aumentan con la 
diferenciación de estos fundidos. De hecho, muchos batolitos graníticos ricos en P de la Zona Centro 
Ibérica están confinados en su dominio meridional (S-ZCI), en el cual las secuencias metasedimentarias 
del Complejo Esquisto-Grauváquico son dominantes. Finalmente, cabe señalar que el presente estudio 
no sólo confirma que la fusión parcial de fuentes metasedimentarias y/o metaígneas puede generar 
granitoides de tipo-S, sino que también evidencia el continuo reciclaje cortical en contextos orogénicos 
intracontinentales.
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 I.- INTRODUCTION 
Granitoid rocks are the best evidence of the continental crust differentiation within continental 
orogenic belts (e.g., Chappell and White, 1974; Chappell, 1979; Miller, 1985; Kemp et al., 2007; 
Clemens et al., 2011). These continental collisional-related magmas provide relevant clues for 
understanding the evolution of the continental crust and the processes involved at deep crustal levels. 
The aim of the granite petrologists has been to discriminate between different granitoid series and to 
decipher the mechanisms of melt generation, the nature of the source rocks and the processes 
responsible for the chemical and isotopic variability in granitoid magmas (e.g., Chappell and White, 
1974; Debon and Le Fort, 1983; Miller, 1985; Patiño Douce and Beard, 1995; Villaseca et al., 1998a, 
b; Healy et al., 2004; Kemp et al., 2007; Miller et al., 2007; Schaltegger et al., 2009; Clemens et al., 
2011). In intracontinental orogenic settings, most granitoids exhibit a peraluminous affinity (ACNK > 
1; Sylvester, 1998; Villaseca et al., 1998a; Bea et al., 2003). The nature and origin of these felsic melts 
is still a matter of debate, as the general paradigm is to relate their genesis to partial melting of 
siliciclastic metasediments (S-type granitoids) or metaigneous rocks (I-type granitoids) (Chappell and 
White, 1974; Chappell, 1979), or by mixing and hybridisation of mantle- and crustal-derived materials 
(e.g., Castro et al., 1999; Healy et al., 2004; Dias et al., 2002; Kemp et al., 2007). Nevertheless, there 
are experimental and geochemical evidences that also suggest the involvement of felsic metaigneous 
rocks in the genesis of S-type peraluminous granitoids (e.g., Miller, 1985; Holtz and Johannes, 1991; 
Patiño Douce and Beard, 1995; Sylvester, 1998; Villaseca et al., 1998a, b, 2012; Kurhila et al., 2010; 
Clemens et al., 2011; Merino Martínez et al., 2014). The diversity of peraluminous granite melts 
seems to be mainly controlled by the source-rock composition and fractionating proccesses (e.g., 
Chappell and White, 1974; Chappell, 1979; Champion and Bultitude, 2013), and by the partial melting 
conditions including the stoichiometry of the melting reaction and the entrainment of peritectic 
minerals (e.g., Ayres and Harris, 1997; Villaseca et al., 1998a, 1999; Clemens, 2003; Zeng et al., 
2005; Stevens et al., 2007; Villaros et al., 2009; Clemens et al., 2011; Farina and Stevens; 2011; 
Clemens and Stevens, 2012). 
The Montes de Toledo batholith is a plutonic array within the Iberian Variscan Belt mainly 
composed of peraluminous granitoids (Andonaegui, 1990; Andonaegui and Barrera, 1984; Merno, 
2008; Villaseca et al., 2008b; Orejana et al., 2012a; Merino et al., 2013a; Merino Martínez et al., 
2014). This batholith is subdivided in two sectors (eastern and western) on the basis of several 
geochemical and isotopic differences (Villaseca et al., 2008b; Merino Martínez et al., 2014). These 
include higher P2O5 and Rb contents and initial ƐNd, and lower CaO and 206Pb/204Pb–208Pb/204Pb ratios 
in plutons from the western segment. However, there are three distinct peraluminous granitoid series 
based on to their contrasting geochemical and isotopic signatures. The most peraluminous series are 
located in the western segment of the batholith, whereas the eastern part is composed of granitoids 
with the lowest peraluminous affinity and, accordingly, showing the highest Ca and Na contents 
(Villaseca et al., 2008b; Merino Martínez et al., 2014). The absence of basic plutonic rocks and the 
crustal-like isotopic signature (Sr, Nd) of the whole batholith argue against hybridisation with, or any 
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participation of, mantle-derived mafic magmas. Therefore, melting of crustal rocks at mid to lower 
crustal levels is suggested for the origin of the granitoids from the MTB. The contrasted chemical 
features between the granitoid series suggest the involvement of different crustal protoliths. Villaseca 
et al. (2008b) proposed that intrusions from the eastern sector are derived from melting of felsic 
metaigneous protoliths (within the lower crust) with a different composition when compared with 
outcropping metamorphic rocks. By contrast, the western MTB would be linked to melting of 
metasedimentary (a mixture of pelites and greywackes) rocks equivalent to those of the regional 
Neoproterozoic formations. This hypothesis is further corroborated by the more pronounced 
peraluminous nature of granites from the western sector. In fact, this contribution further suggests that 
the involvement of different sources in the granite genesis is one of the most important factors 
responsible for the primary signature of these melts and their chemical evolution followed during 
fractionation, as shown by the different evolution paths displayed both by whole-rock and trace-
element mineral chemistry (via LA–ICP-MS) of the MTB granitoids. 
In situ U–Pb zircon geochronology and Hf isotope composition of zircon from granitoid rocks 
are useful tools used to unravel the crustal evolution in continental orogenic settings (e.g., Cocherie et 
al., 1998; Williams et al., 1999; Griffin et al., 2000, 2004; Belousova et al., 2006, 2010; Hawkesworth 
and Kemp, 2006; Andersen et al., 2009; Schaltegger et al., 2009; Teixeira et al., 2011; Villaros et al., 
2012; Villaseca et al., 2012; Merino Martínez et al., 2014). The robust and refractory character of 
zircon allows to preserve the initial isotopic magma composition at the time of crystallisation, and to 
distinguish between magmatic processes, source heterogeneities or crustal contamination with mantle-
derived melts (e.g., Griffin et al., 2000, 2004; Belousova et al., 2006, 2010; Hawkesworth and Kemp, 
2006; Schaltegger et al., 2009). In addition, monazite chemical dating has been used to constraint not 
only the geochronology of magmatic events (e.g., Be Mezeme et al., 2006), but also the episodic 
monazite growth events in polymetamorphic terranes (e.g., Cocherie et al., 1998; Williams et al., 
1999). In this sense, the combination of whole-rock geochemical and isotopic signatures (Rb–Sr, Sm–
Nd) with in situ monazite dating and isotope zircon composition is a powerful tool to discriminate 
granite types and to constrain the sources involved in the magma genesis (e.g., Patchett and Kouvo, 
1986; Kemp et al., 2007; Villaros et al., 2009, 2012; Teixeira et al., 2011; Villaseca et al., 2012). 
Although there is a large number of geochronological works on granitoids from the Iberian 
Massif (e.g., Dias et al., 1998; Fernández-Suárez et al., 2000a; Carracedo et al., 2009; Solá et al., 
2009; Antunes et al., 2008, 2010; Gutiérrez-Alonso et al., 2011; Orejana et al., 2012b; Chicharro et al., 
2013, 2014), there were not detailed geochronological studies on the late Variscan MTB felsic 
magmatism previous to this work. Only one post-tectonic pluton from the eastern sector (the Mora-Las 
Ventas pluton) was dated by Andonaegui (1990), providing an age of 320 ± 8 Ma (whole-rock Rb–Sr 
isochron). Further dating investigations in this region are limited to anatectic leucogranites and restite-
rich granites from the Anatectic Complex of Toledo (ACT), where different ages have been 
established as the most probable for the migmatisation (~311 Ma by Barbero and Rogers, 1999; ~332 
Ma by Bea et al., 2006; and ~317 Ma by Castiñeiras et al., 2008). Other anatectic regions from central 




2008). Recent studies focused on constraining the age of magmatism in nearby plutonic regions are 
those from the Spanish Central System (SCS) batholith (e.g., Zeck et al., 2007b; Díaz-Alvarado et al., 
2011; Villaseca et al., 2011b; Orejana et al., 2012b) and intrusions from the southern Central Iberian 
Zone (e.g., Carracedo et al., 2005, 2009; Antunes et al., 2008, 2010; Solá et al., 2009; Gutiérrez-
Alonso et al., 2011; Chicharro et al., 2013, 2014). The ages extracted by these authors for post-tectonic 
intrusions are all concentrated in the narrow range 309–297 Ma. However, some local differences have 
been found in the Spanish Central System, where plutons from its eastern sector are slightly younger 
than those from the western part of the SCS (e.g., Orejana et al., 2012b). 
It is worth to note that Hf-isotope zircon data in Variscan granitoids and Pre-Variscan 
metamorphic rocks of the Central Iberian Zone are limited to only a few data available from northern 
Portugal (Teixeira et al., 2011) and the Spanish Central System (Villaseca et al., 2011a, 2012). In this 
work, seven representative samples from the different peraluminous granitoid types of the Montes de 
Toledo batholith have been selected for in situ U–Pb zircon geochronology via LA–ICP-MS to 
constrain the emplacement age of the batholith, updating the previous geochronological studies carried 
out on granite intrusions from the area (Andonaegui, 1990). Additionally, Lu–Hf isotopic analyses of 
magmatic and inherited zircons from these MTB granitois have been performed to decipher the 
possible crustal sources involved in their generation (metaigneous vs metasedimentary). For this 
purpose, U–Pb and Lu–Hf isotope analyses in detrital zircons from different metasedimentary samples 
from the southern and northen sectors of the CIZ (S-CIZ and N-CIZ, respectively) have also been 
perfomed. These results, in combination with Hf-isotope zircon data available from metasedimentary 
and metaigneous sequences of the Central Iberian Zone (Teixeira et al., 2011; Villaseca et al., 2011a, 
2014b; Orejana et al., 2014a, b), allow a comparison of the Hf-isotope composition of the inherited 
zircons from the MTB granitoids with that of zircon from metasedimentary and metaigneous rocks 
from the CIZ. Hence, this study not only contributes to compensate the scarcity of precise U–Pb age 
information on the Montes de Toledo batholith, but also adds new evidence on Hf-isotope composition 
of zircon from late- to post-collisional Variscan granitoids from central Spain, which is critical for the 
discussion of the nature of felsic magma sources. Hence, this work provides further evidence that S-
type granites might be formed by partial melting of metasedimentary and/or metaigneous rocks, and 
that their chemical and isotopic inherited signature has not been erased (or homogenised) during the 
assemblage of the distinct magma batches involved in the batholith formation. 
Most of the results shown in this PhD dissertation have been published in national and 
international SCI journals (see section I.5 and Supplementary DVD Material), and presented to 
national and international conferences. The most important results obtained during the performance of 
this PhD Thesis can be found in the international contributions of Villaseca et al. (2008b, 2014a, b), 
Orejana et al. (2012a, 2014a, b), Merino et al. (2013a, b) and Merino Martínez et al. (2014) (see 
chapter I.5.- Results). Nevertheless, additional detailed descriptions, new analytical data and many 
other subjects discussed in this document are unpublished data that can only be found in the present 
manuscript. Hence, this PhD dissertation is a compendium of all the published abstracts and papers 
described below (see section I.5.-Results) together with new unpublished data, which yields in an 
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enriched discussion and a more interesting work on the Variscan magmatism from the Montes de 
Toledo batholith. 
 
I.1.- Geological Setting 
The European Variscan Orogenic Belt is the final result of the convergence and continental collision 
of the large paleo-continents Laurussia and Gondwana and the closure of oceanic basins and 
amalgamation of small continental masses (e.g., Avalonia, Armorica) in late Paleozoic during a long 
period of about 80 Ma (between 370 and 290 Ma; e.g., Martínez-Catalán et al., 2007). The result of 
this collision formed the so-called supercontinent Pangea. The outcropping area of this orogenic belt is 
currently preserved from northern Bohemia to the Iberian Peninsula, with an extension of about 3000 
km long and from 700 to 900 km in width, shaping a set of continental massifs: Bohemia, Ardennes 
and Rhenish, southwestern Ireland, southern Gales, Cornualles, Black Forest and Vosges, Central 
France, Armorican and, finally, Iberian (Fig. 1). 
The Iberian Massif is classically subdivided into six major zones: Cantabrian Zone, Astur-
Occidental Leonese Zone, Central Iberian Zone, Ossa Morena Zone, Sudportuguese Zone, including 
the Galicia-Tras-os-Montes Zone as a separate unit of the Central Iberian Zone (Fig. 1; e.g., Lotze, 
1945; Julivert et al., 1972; Farias et al., 1987). The Central Iberian Zone (CIZ) represents the 
innermost part of the Iberian Variscan Belt (Fig. 1), the largest Variscan terrain located in the 
southwesternmost part of the European Variscides. This zone is characterised by a thick (8–11 km) 
metasedimentary sequence of alternating pelitic and psammitic beds unconformably overlain by the 
Armorican Quartzite (Lower Ordovician, Arenig). These metasedimentary rocks are considered to be 
mostly Neoproterozoic to Cambrian in age due to the absence of Paleozoic fossils and the paucity of 
Ediacaran fauna (they are mainly unfossiliferous sequences; e.g., Ribeiro, 1990; Rodríguez-Alonso et 
al., 2004; Ediacaran fauna are only found in some carbonate beds; Herrero et al., 2011). 
 
I.1.i.-  The Variscan record within the Central Iberian Zone 
In the Central Iberian Zone (CIZ), the Variscan collision not only deformed and metamorphosed the 
pre-Carboniferous basement rocks, but also generated a significant volume of syn- to post-tectonic 
granitoids. Three main Variscan deformation phases have been described in the CIZ (Díez Balda et al., 
1990): i) subvertical folding in a general direction NW-SE (D1) and an associated foliation (S1); ii) 
subhorizontal heterogeneous shearing (D2) that developed a foliation (S2) superimposed to the 
previous one; and iii) large wavelenght folding (D3) and crenulation cleavage (S3) that affect the 
previous deformation structures. In broad terms, the metamorphism in the CIZ area evolved from 
intermediate- to low-pressure conditions from early to late stages, respectively (Ugidos, 1990, and 
references therein). Within the CIZ, this collision-related orogeny also generated large batholiths that 




minor associated basic rocks (e.g., Capdevila et al., 1973; Ugidos and Bea, 1976, 1979; Corretgé et al., 
1977; Corretgé el a1., 1985; Serrano Pinto et al., 1987; García-Casco et al., 1989; Villaseca et al., 
1998b; Bea et al., 1999; Castro et al., 1999; Villaseca and Herreros, 2000) (Fig. 1). The time interval 
defined for the felsic magmatism in the Central Iberian Zone implies an almost contemporaneous 
emplacement for most late- to post-kinematic instrusions (with regard to the last ductile deformation 
phase, D3). This time span for melt formation and emplacement includes central and northern Portugal 
(314–296 Ma; Dias et al., 1998; Valle Aguado et al., 2005; Antunes et al., 2008, 2010; Gutiérrez-
Alonso et al., 2011), the Central Extremadura batholith (309–296 Ma; Carracedo et al., 2005; 
Gutiérrez-Alonso et al., 2011), the Los Pedroches batholith (314–304 Ma; Carracedo et al., 2009), the 
Nisa-Alburquerque batholith (309–306 Ma; Solá et al., 2009; Gutiérrez-Alonso et al., 2011), and the 
Spanish Central System batholith (313–298 Ma, Díaz-Alvarado et al., 2011, 2013; Orejana et al., 
2012b). The intrusion of abundant felsic post-tectonic magmas in a short time span at the end of the 
Variscan collision is also a main characteristic of the western European Variscides (from 315 to 290; 
Orejana et al., 2012b, and references therein). 
The Central Iberian Zone has been commonly subdivided in two domains based on stratigraphic, 
metamorphic and structural criteria (Fig. 1; Lotze, 1945; Díez Balda et al., 1990). The northern sector 
(Galaico-Castillian Zone of Lotze, 1945; Domain of Recumbent Folds of Díez Balda et al., 1990) is 
characterised by recumbent folding and a higher metamorphic degree, whereas the southern one 
(eastern Lusitanian-Alcudian Zone of Lotze, 1945; Domain of Vertical Folds of Díez Balda et al., 
1990) presents vertical folds and low-grade metamorphism (Díez Balda et al., 1990). However, the 
boundary between these two domains has been recently revised according to geochemical differences 
found between the distinct Neoproterozoic metasedimentary rocks and the Early Ordovician 
metaigneous rocks which intruded those sequences (Fig. 1; Villaseca et al., 2014a): the northern part 
(N-CIZ) represented mainly by Late Neoproterozoic to Paleozoic metasediments intruded by S-type 
Early Ordovician metaigneous rocks; and the southern part (S-CIZ), characterised by the low-grade 
metasediments of the Schist-Greywacke Complex and some Paleozoic metasedimentary units, 
intruded by Cambro-Ordovician I-type granitoids. The N-CIZ metapelites are richer in LILE, LREE 
and some HFSE (Th, U, Zr, Hf, Nb, Ta) than those from the S-CIZ, which show higher P contents and 
more juvenile (less negative) ƐNd signatures (Villaseca et al., 2014). Both sectors are intruded by a 
















Figure 1. Geological sketch map of the Iberian Variscan Belt showing the Variscan granitoid intrusions within 
the Central Iberian and Galicia-Tras-Os-Montes Zones, and the location of the Montes de Toledo batholith 
(yellow rectangle). It is also shown the limit proposed by Villaseca et al. (2014) between de northern and 
southern parts of the Central Iberian Zone (N-CIZ and S-CIZ, respectively), and the previous subdivision of 
Lotze (1945) between the Galaico-Castillian and eastern Lusitanian-Alcudian Zones. Abbreviations and location 
of other granite batholiths from the CIZ are: A = Alburquerque, Al = Albalá, ACT = Anatectic Complex of 
Toledo, CA = Cabeza de Araya, G = Gata, J = Jálama, SCS = Spanish Central System, TD = Tormes Dome; 
granite cupolas are: P = Pedroso de Acim, T = Trujillo, Tr = El Trasquilón. The top-right inset shows a 
simplified map with the location of the Variscan outcropping areas from the western part of the European 
Variscan Belt (modified from Martínez-Catalán et al., 2007). Orogenic arcs: BA – Bohemian; CIA – Central 
Iberian; IAA – Ibero-Armorican; MCA – Massif Central. Abbreviations within the Iberian Massif are as follows: 
CZ – Cantabrian Zone; WALZ – Western Asturian-Leonese Zone; GTMZ – Galicia-Trás-Os-Montes Zone; CIZ 




I.1.ii.- The Variscan Montes de Toledo batholith  
The Montes de Toledo batholith (MTB) is located within the southern Central Iberian Zone (S-CIZ), 
which represents the inner part of the collisional Iberian Variscan Belt (Figs. 1, 2). This batholith is 
composed by at least 20 granitic intrusions that extend over an area of about 2000 km2 from 
Madridejos (Toledo) to Belvís de Monroy (Cáceres), defining an East to West linear array (Figs. 1, 2). 
These intrusions mainly consist of S-type monzogranites to leucogranites, although minor tonalitic and 
granodioritic bodies are also found (Figures i and ii of Appendix). The best exposed outcrops are 
located in the eastern and western segments, whereas the central and northern parts of the batholith are 
mainly covered by Cenozoic sediments of the Tajo Basin (Fig. 2). The eastern part of the batholith (E-
MTB) mostly intrudes into Lower Paleozoic metasediments, whereas the western part (W-MTB) is 
emplaced into low-grade Neoproterozoic to Lower Paleozoic metasediments (Fig. 2). The 
Neoproterozoic metasedimentary sequences are part of the so-called Schist-Greywacke Complex 
(SGC), in the Southern Central Iberian Zone (S-CIZ; Villaseca et al., 2014), which is composed of 
detrital materials derived from old recycled orogens and mainly consists of alternating shales and 
sandstones, with occasional interbedding of conglomerates, calcareous mudstones and limestones 
(Valladares et al., 2002), and scarce coeval volcanoclastic rocks (Rodríguez-Alonso et al., 2004; 
Teixeira et al., 2011; Talavera et al., 2012). Cambrian to Silurian metasediments are located on the top 
of these sequences, which are represented by alternating sandstones, mudstones, shales, conglomerates 
and quartzites. All the sequences described above were folded during the Variscan D1 compressional 
event and dextrally sheared during the D2 and D3 local events (Ábalos et al., 2002). 
Many attempts have been made in the last years to constrain the age of other Variscan felsic 
intrusions from the Central Iberian Zone. The Spanish Central System (SCS) granites (to the north of 
the MTB) intruded in a narrow time span from 308 to 298 Ma, with a tendency to display younger 
ages to the east (Orejana et al., 2012b). This age range overlaps the maximum magmatic activity 
(∼313–298 Ma) estimated not only in the CIZ but also for other late- to post-kinematic granitoids from 
the Western European Variscides (Orejana et al., 2012b, and references therein). The only previous 
geochronological work in the eastern segment of the Montes de Toledo batholith (E-MTB) was 
performed by Andonaegui (1990), reporting a Rb–Sr whole-rock isochron of 320 ± 8 Ma for the 
emplacement of the post-tectonic Mora-Las Ventas pluton. However, the post-tectonic character of 
this intrusion is in contradiction with this old age, as it would be coincident with the D3 Variscan 
ductile deformation phase of the CIZ (325–313 Ma; e.g., Dias et al., 1998; Fernández-Suárez et al., 
2000a) and thus should be treated with caution. In the western segment of the batholith (W-MTB), no 
previous geochronological studies have been performed prior to the present work and to those 
performed during the ellaboration of this PhD Thesis. 
It is worthwhile mentioning the available ages for migmatisation and partial melting events in 
high-grade terranes from neighbouring areas of central Spain, including the SCS and the Anatectic 
Complex of Toledo (ACT) which is just to the north of the E-MTB (Fig. 1). Anatexis is considered as 
a late event with respect to the Variscan D2 ductile deformation phase in the SCS (337–332 Ma; 
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Castiñeiras et al., 2008), and even slightly younger in the ACT (320–310 Ma; Castiñeiras et al., 2008). 
These migmatisation ages are comparable to those obtained in other European Variscan terrains, as 
occurs in the Velay Dome and the South East of the French Massif Central (340–314 and 329–323 
Ma, respectively; Ledru et al., 2001; Be Mezeme et al., 2006), in the Saxonian granulite Complex and 
Orlica–Snieznik Dome of the Bohemian Massif (345–330 Ma; Kröner et al., 1998; Gordon et al., 
2005), or in central Europe (340–317 Ma; see compilation of von Raumer et al., 2013). 
Some recent studies have reported Hf-isotope composition of zircon from CIZ granites, 
including northern Portugal (Teixeira et al., 2011) and the Spanish Central System (Villaseca et al., 
2012), that show slightly different results. The S-type granites from northern Portugal have zircons 
with a significant radiogenic Hf heterogeneity, which has been interpreted as a result of heterogeneous 
crustal sources or magma mixing (Teixeira et al., 2011). On the other hand, zircon from S- and I-type 
granites from the eastern SCS shows a more restricted range in ƐHf values which overlap those 
obtained in felsic lower crustal xenoliths, thus supporting the metaigneous nature of the granite types 

















































































































































This PhD dissertation is mainly focused on the study of granitoid plutons from the western part of the 
Montes de Toledo batholith (W-MTB), from Belvís de Monroy (Cáceres) to Aldeanueva de 
Barbarroya (Toledo). These granitoid plutons are compared to those from the easternmost sector of the 
batholith (in the Toledo area from Las Ventas to Madridejos localities, previously studied by some 
researchers of the Petrology and Geochemistry Department from the Complutense University of 
Madrid), and also to peraluminous plutons from the Spanish Central System batholith. The western 
segment of the batholith consists of strongly peraluminous granites (showing mineral paragenesis even 
with two aluminium silicate polymorphs: andalusite and sillimanite, and other Al-rich minerals), with 
perphosphoric trends and S-type affinity according to the international nomenclature. Hence, this PhD 
Thesis not only includes a detailed geochemical and mineral chemistry study of the different granite 
intrusions that form the Montes de Toledo batholith, but also is focused on the petrogenesis of the 
whole batholith. For this prospective, the manuscript covers the study about the nature of the source 
rocks, the conditions and genetic processes of these granite melts, their emplacement conditions and 
crystallisation ages, together with modelling of partial melting and crystal fractionation processes 
which originated the geochemical variability. The main tools used to obtain the objectives of this 
investigation are the following: 
i)  Detailed cartography and sampling of the different intrusive units from the western sector and 
selected units from the eastern segment of the Montes de Toledo batholith. 
ii) Petrographic characterisation and mineral chemistry analyses (major elements via EPMA and trace 
elements via LA–ICP-MS) of the distinct plutonic MTB bodies. 
iii) Major and trace-element geochemistry, as well as isotopic characterisation (Sr, Nd, Pb) of the 
different granite facies which form the granitic batholith. This data help to contrain the 
geochemical evolution followed by the distinct intrusive units, as well as allows to suggest the 
source rocks that were involved in the geenration of these granite melts. 
iv) Chemical dating of monazite (EPMA) and U–Pb zircon geochronology (LA–ICP-MS) to stablish 
the intrusion age of the MTB granitoids and assess the possible age of partial melting processes.  
iv) Hf-isotopic characterisation of zircon crystals (LA–ICP-MS) from selected granitoid units, with 
known U–Pb age, both in magmatic and inherited zircons, to perform a petrogenetic study of the 
batholith. The combination of whole-rock geochemical and isotopic data with that from isotope 
zircon composition allows to determine the possible source areas. For this prospective, an U–Pb 
and Lu–Hf isotopic study of detrital zircons from diverse metasedimentary sequences from the 
Central Iberian Zone has been also performed.  







Previous research works on granites from the Montes de Toledo batholith are relatively scarce. Most 
of them are principally focused on the so-called Anatectic Complex of Toledo (ACT), located at the 
north of the easternmost segment of the Montes de Toledo batholith (E-MTB; Figs. 1, 2). Although 
this plutonic-migmatitic complex is not the subject of this PhD dissertation, some geochemical and 
isotopic comparisons to similar granitoid units (i.e., the Layos granodiorites) and other metamorphic 
rocks (metasedimentary migmatites and orthogneisses) from this area have been performed, so it is 
worth mentioning it in this chapter. San José et al. (2011) and Merten (2012) collected the works done 
in the Montes de Toledo and surrounding area, in honor of the geological itinerary performed by 
Hernández-Pacheco (1912), and described several sedimentary, metamorphic and granitic outcrops 
from Toledo to Urda (covering part of the easternmost area of the Montes de Toledo batholith).  
According to the Geological and Minning Survey of Spain (Instituto Geológico y Minero de España, 
IGME, 2009c, d, e) and the compilation of Merten (2012), the works in the ACT area date from the 
19th century. Nevertheless, the most recent cartographic and geochemical studies from this area, some 
of them used for comparison in this study, are those of Aparicio (1971), Andonaegui and Villaseca 
(1988), Barbero and Villaseca (1988, 1989, 1992, 1996, 2000), Barbero (1989, 1991, 1992a, b, 1995, 
2004), Andonaegui (1990), Aparicio et al. (1990), Barbero et al. (1990, 1994, 1995, 2005), Hernández 
Enrile (1991), Villaseca et al (1998b, 2005a), Barbero and Rogers (1999), and more recently, the 
micro-analytical works in zircon crystals of different rocks outcropping in the ACT (Bea et al., 2006; 
Castiñeiras et al., 2008; Villaseca et al., 2011b). 
The works performed in the peraluminous granitoids from the Montes de Toledo batholith are 
not so profuse. The earliest studies were done in the eastern part of the batholith (Fig. 2), in the granite 
pluton underlying the ACT and separated from it by the Toledo´s Normal Fault (and the Toledo´s 
Milonitic Band; Figs. 1, 2; e.g., Aparicio, 1970, 1971). These works are those of Prado (1855), 
Hernández-Pacheco (1911, 1912) and Gómez de Llarena (1916), but it is not until 20th mid-century 
when a more detailed cartographic and petrographic work were published, as those of Kindelan y 
Duany and Cantos Figuerola (1951), Alía (1954) and Merten (1955a, b). Subsequently thereto, more 
extent works were performed, including gravimetric, geophysic and structural studies, such are those 
performed by Santa Teresa (1982), Santa Teresa et al. (1983), Casquet et al. (1988), and Bergamín et 
al. (1988). The most detailed geochemical and isotopic studies are those of Aparicio et al. (1977), 
Andonaegui (1990), Barbero et al. (2005) and Villaseca et al. (2005a), though these two later were 
focused on apatite fision tracks and on Pb-Zn mineralisations, respectively, from the E-MTB. It is also 
worth to note the geological studies of the Instituto Tecnológico GeoMinero de España (ITGE, 1989b, 
1990) and the geological maps 1: 50.000 of the area published by the Instituto Geológico y Minero de 
España (IGME, 2009c, d, e). Andonaegui (1990) focused her PhD dissertation on the ACT and the 
eastern part of the batholith (Mora-Gálvez pluton; Fig. 2), and made a thorough petrographical and 
geochemical study and a mineral chemistry characterisation of the granitoids from these sectors. In 
this work, a thermobarometric study based upon different mineral pairs of different intrusive units is 
also given. Furthermore, Andonaegui (1990) performed a preliminary dating of the eastern segment of 
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the batholith, reporting a Rb–Sr whole-rock isochron of 320 ± 8 Ma for the emplacement of the post-
tectonic Mora-Las Ventas pluton. This pluton has received numerous designations (Orgaz and Ventas 
con Peña Aguilera granite by Prado, 1855; Orgaz batholith by San José, 1983; Orgaz granite by Santa 
Teresa et al., 1983; Mora-Gálvez pluton by Andonaegui, 1990; Orgaz granodiorite by Hernández 
Enrile, 1991; Mora batholith by Barbero et al., 2005; Mora-Ventas pluton by Villaseca et al., 1998b). 
In the present work this intrusion is called as the Mora-Las Ventas pluton (as in Barbero, 1992b), 
which is included, together with the easternmost Madridejos pluton, within the E-MTB (Fig. 2). It is 
important to highlight the seismic study performed by Martínez Poyatos et al. (2012), in which a deep 
seismic reflection transect across the southern Central Iberian Zone (CIZ) up to the Mora-Las Ventas 
batholith is presented. In this study, it can be shown the limit between the ACT and the Mora-Las 
Ventas batholith and the boundary of these later granites with the Paleozoic metasediments to the 
south. The first geological structure corresponds to the Toledo´s fault, interpreted as a detachment 
dipping to the south and subhorizontal at depth (~6.5 km), and estimates that the pressure gap 
produced by this faulting was about 3 kbar. The second limit is the Mora´s normal fault, which is 
projected to the surface level at the southern boundary of the batholith (Martínez Poyatos et al., 2012). 
This study also estimates the footwall of the Mora-Las Ventas pluton to be at ~5 km depth. Another 
important point discussed in this paper is the interpretation of the structure of the lower crust beneath 
the ACT and the E-MTB. Martínez Poyatos et al. (2012) proposed two crustal models for this area, 
one of them involving the penetration of the lower crustal thrust into the mantle, both showing the 
overlapping of the mid-lower crust of the norther part of the CIZ over that from the southern domain 
by a flat-ramp-flat thrust surface, which agrees with the proposed limit of Villaseca et al. (2014) 
between both southern and northern CIZ basins.    
Regarding the granitoids from the western sector of the batholith (W-MTB), the available 
studies are scarcer. This western part includes the following plutons (Fig. 2): Belvís de Monroy, 
Navalmoral de la Mata, Peraleda de San Román (called “Berrocalejo´s massif” by IGME, 1985a), 
Torrico (called “Lagartera type porphyritic granite” by IGME, 2006b), Oropesa (called “Navalmoral 
type porphyritic granite” and “Navalmoral brushy” by IGME, 2006b), Valdeverdeja, Villar del 
Pedroso (called “La Estrella granite” by ITGE, 1989a), Puente del Arzobispo (undifferentiated 
previously in the literature), Aldeanueva de Barbarroya (included with the Valdeverdeja and Puente 
del Arzobispo plutons as “post-kinematic granites of the series II” by Andonaegui and Barrera, 1984), 
and Azután (called “Azután migmatites” by ITGE, 1989a, and syn-kinematic granitoids of the series I” 
by Andonaegui and Barrera, 1984). The plutons located near the Alcaudete de la Jara and Villarejo de 
Montalbán towns (Cáceres), some of them with similar features as those found in the W-MTB, are not 
included in the present work, though some geochemical and petrological data can be found in IGME 
(2009b) and, more recently, in the Master Thesis of Errandonea (2013). The earliest general studies of 
the W-MTB granitoids were those performed by Hernández Pacheco (1950, 1953) about the 
physiological and geological features of the Campo Arañuelo area, subsequently completed by the 
cartographic and petrographic works of Cañada Guerrero (1958, 1962), Monteserín López and Pérez 




including geochemical data. The most detailed work of some of the W-MTB granitoids, including the 
previously mentioned studies of IGME and ITGE, are that of Andonaegui and Barrera (1984). This 
study is mainly focused in the andalusite-sillimanite-cordierite-bearing peraluminous granitoids from 
the Valdeverdeja-Aldeanueva de Barbarroya sector (“syn-kinematic granitoids of the series I” and 
“post-kinematic granitoids of the series II” of Andonaegui and Barrera, 1984). It is worth mentioning 
the general studies of the pegmatitic dyke-swarm associated to the Belvís de Monroy pluton of 
Sánchez Muñoz (1992). 
The detailed geochemical and geochronological studies of the Montes de Toledo batholith 
included in the present PhD Thesus have been performed by the “Magmatism and mineralisations of 
the Hercynian Central-Iberian Zone” research team of the Petrology and Geochemistry Department at 
the Geological Sciences Faculty (Complutense University, Madrid, UCM), in which I have actively 
collaborated until this moment. Merino (2008) performed his Master Thesis focused on the granites 
from the westernmost sector of the Montes de Toledo batholith, giving a detailed petrographic, 
geochemical and chemical-mineralogical study of some intrusive units of the Belvís de Monroy, 
Peraleda de San Román and Aldeanueva de Barbarroya plutons (Fig 2). Some of these data, together 
with previous unpublished geochemical and isotopic data, allowed a more extent and detailed 
discussion in the works of Merino et al. (2008) and Villaseca et al. (2008b), in which an exhaustive 
petrological study of several W-MTB granitic intrusions was performed, comparing them with those 
from the E-MTB. In these works, the emplacement conditions of the W-MTB granitoids were 
examined on the basis on the stability of the aluminium polymorphs andalusite and sillimanite, and 
suggest for the first time the contribution of different crustal sources for each sector of the Montes de 
Toledo batholith, due to their contrasted geochemical and isotopic features. Merino et al. (2010) cited 
for the first time the rare presence of gahnite and chrysoberyl in one of the most fractionated plutons 
of the MTB (the Belvís de Monroy pluton). This leucogranitic intrusion was more extensively studied 
by Merino et al. (2013a), in which the crystallisation conditions for this bizarre mineral assemblage 
(gahnite + chrysoberyl and beryl + chrysoberyl), never found previously in granites, were suggested. 
Orejana et al. (2012a) made a detailed geochronological work on some intrusions from the MTB on 
the basis on U–Th–Pb monazite dating, suggesting the mainly post-collisional character of these 
granitoids and revealing the preservation of monazite from the source after partial melting processes. 
Merino Martínez et al. (2014) summarise of all the geochemical data (whole-rock and isotope 
geochemistry), together with the isotopic results (U–Pb, Lu–Hf) obtained in zircon from the MTB 
granitoids, performing an accurate geochronological study for the emplacement conditions of the 
batholith and clearly suggesting the contribution of different sources (metasedimentary and 
metaigneous) for the different peraluminous series found in the studied batholith. Finally, it is worth to 
highlight the works of Pérez-Soba et al. (2009, 2014), in which a textural and chemical description of 
Y–REE-rich common accessory phases (zircon, monazite, xenotime) of some granite intrusions of the 
W-MTB is performed. In this latter contribution, it can be found a complete description of these Y–
REE–U-rich accessory minerals from the highly evolved Belvís de Monroy. 
 




The methodology followed in this research was as follows: 
1. Detailed study of granite materials and cartography of the main intrusive units of almost the ten 
plutons that conform the westernmost sector of the batholith: Belvís de Monroy, Navalmoral de la 
Mata, Peraleda de San Román, Torrico, Oropesa, Valdeverdeja, Villar del Pedroso, Aldeanueva de 
Barbarroya and Azután (Fig. 2; Figures i and ii of Appendix). 
2.  Petrographic characterisation and detailed mineral chemistry study of the main and accessory 
mineral phases. About 600 sampling stations have been studied, characterising the granitic samples in 
visu and under the microscope. Mineral chemistry allowed to estimate the thermobarometric 
crystallisation conditions of the granite plutons. Trace-element analyses have also been performed (via 
LA–ICP-MS) to study the evolution of the mineral chemistry in relation to differentiation of these 
granitic magmas. 
3. Whole-rock geochemical study of the different granite facies. A representative number of selected 
granitic samples were chosen for geochemical characterisation. The geochemistry includes not only 
major and trace-element analyses, but also isotopic analyses in different systems (Rb–Sr, Sm–Nd, Pb–
Pb). This dataset was essential to the petrogenetic study of the granitoids. Some metamorphic host-
rocks from the central Spain area were also sampled to discuss the possible magmatic sources which 
generated the granitic bodies. 
4. Mineral separation of accessory phases (zircon and monazite) and U–Pb geochronology using to 
micro-analytical techniques: i) U–Th–Pb dating of monazite concentrates via electron microprobe 
(EPMA); ii) U–Pb geochronology of zircon crystals via laser ablation inductively coupled plasma 
mass spectrometry (LA–ICP-MS). Thus, not only the absolute geochronology of these plutons has 
been obtained, but also the inherited ages of zircon crystals, useful to evaluate the participation of 
diverse protoliths (metasediments, orthogneisses, mantle-derived materials…) in the granite genesis. 
5.  Isotope analyses via micro-analytical techniques (Lu–Hf isotopes) in zircon crystals previously 
dated by LA–ICP-MS to constrain the nature of the source materials or the possible mixing of 
reservoirs involved in the granite genesis. 
 
I.4.i.- Analitical techniques 
Whole-rock geochemistry 
About 350 samples were collected for the petrographical characterisation of the different intrusive 
units (granites bodies and dikes) from the western part of the Montes de Toledo batholith. 30 
representative samples were selected for whole-rock analysis (about 8–10 kg per sample). Regarding 
the eastern segment, 24 samples were collected for petrographic analyses and only two were selected 




from the PhD unpublished thesis of Dr. Pilar Andonaegui (1990). The location of samples with whole-
rock analysis is detailed in Figure i of Appendix. 
The analysed material was processed following the conventional techniques. Before sample 
crushing, the material was cleaned of organic structures (lichens) and other impurities. Samples were 
crushed separately using a steel jaw crusher, followed by milling with a disc mill and an agate mortar, 
respectively. A last sieving process was carried out in order to avoid possible grain sizes higher than 
0.3 mm. 
Whole-rock analyses (major and trace elements) of the different granitoid units were carried out 
at ACTLABS (Ancaster, Ontario, Canada). The samples were fused using a LiBO2 flux and dissolved 
with HNO3. Solutions were analysed by inductively coupled plasma atomic emission spectrometry 
(ICP-AES) for major elements, whereas trace elements were determined by inductively coupled 
plasma mass spectrometry (ICP-MS). Uncertainties in major elements are bracketed between 1 and 
3% relative, except for MnO (5–10%). The precision of ICP-MS analyses at low concentration levels 
has been evaluated from repeated analyses of the international standards BR, DR-N, UB-N, AN-G and 
GH. The precision for Rb, Sr, Zr, Y, V, and Hf and most of the REE ranges from 1 to 5%, and 
between 5 and 10% for the rest of trace elements. Some granite samples have concentrations of certain 
elements below detection limits (V: 5 ppm, Cr: 20 ppm, Sc: 1 ppm, Co: 10 ppm, Cu: 10 ppm, As: 5 
ppm, Sb: 0.2 ppm, and Bi: 0.1 ppm) and almost all the granites have Ni < 20 ppm, Mo < 2 ppm, Ag < 
0.5 ppm, and In < 0.1 ppm. More information on the procedure, precision and accuracy of ACTLABS 
ICP-MS analyses can be found at www.actlabs.com. The whole-rock composition of the MTB 
granitoids is shown in Table 1. Other geochemical analyses of type-3 granitoids from the E-MTB 
shown in the figures are taken from Andonaegui (1990). 
F and Li contents have been determined at the Instituto Geológico y Minero de España (IGME) 
laboratories. F was extracted by pyrohydrolysis and the element abundance was determined by 
spectrophotometric methods. After sample digestion with HF–HNO3–HClO4, Li was determined by 
atomic absorption spectrophotometry. An analytical error of ± 10% has been estimated. 
The Sr–Nd whole-rock isotopic analyses were carried out at the CAI de Geocronología y 
Geoquímica Isotópica of the Complutense University of Madrid (Spain), using an automated VG 
Sector 54 multicollector thermal ionisation mass spectrometer. Analytical data were acquired in 
multidynamic mode. The analytical procedures used in this laboratory have been described elsewhere 
(Reyes et al., 1997). Repeated analyses of the NBS 987 standard gave 87Sr/86Sr = 0.710234 ± 30 (2σ, 
n=12) and for the JM Nd standard the values of 143Nd/144Nd = 0.511854 ± 3 (2σ, n=63) were obtained. 
The 2σ analytical errors are 0.01% for 87Sr/86Sr and 0.006% for 143Nd/144Nd, which yield a 2σ error on 
Ɛ(Nd) calculation of ± 0.06. Whole-rock Sr-Nd isotopic results are given in Table 2. 
One whole-rock sample (from the eastern MTB) and K-feldspar separates from three 
peraluminous granites (one from the W-MTB and two from the Spanish Central System) were selected 
for Pb isotopic analyses, which were performed by Dr. Cecilia Pérez-Soba at the Swedish Museum of 
Natural History (Stockholm) using a Finnigan MAT 261 TIMS with multicollector detection. The 
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samples were dissolved with HF and HNO3 and a 205Pb spike was added to each of them. Lead was 
separated using cation exchange columns. The NBS 981 and 982 standards were used to evaluate 
instrumental fractionation and precision, the latter being about 0.1 % for the isotopic ratios shown. 
Repeated analyses of international standard BCR-1 were used to monitor the accuracy. Pb isotopic 
analyses are shown in Table 3. 
 
Mineral chemistry 
Mineral chemistry analyses were performed in thin and thick sections of the different granitoid 
samples, both by electron microprobe (EPMA) and laser ablation ICP-MS (LA–ICP-MS). A total 
amount of circa 2900 spot analyses by EPMA and about 1050 by LA–ICP-MS were performed. 
Thin/thick sections preparation was carried out by the laboratory technicians at the Petrology and 
Geochemistry Department petrographical laboratory of the Geological Sciences Faculty (Universidad 
Complutense de Madrid, UCM). The location of samples with mineral chemistry analyses is detailed 
in Figure i of Appendix. The procedure for thin section preparation is detail as follows: 
Granitoid samples were cut in rectangular prisms (blocks) of about 4x3x1 cm, using a diamond 
wheel cutter water-cooled to cooling the sample and avoid possible physical-chemical changes in the 
minerals. 
In order to study the samples under a petrographical microscope, scabble the sample is needed 
until reaching a final thickness of 33 microns. The initial scabble was manually performed, and finally, 
mechanically. The initial blocks were polished using silicon carbide powder of different grain sizes, 
depending on the polishing degree (from 100 to 1000 µm), mixed with water (as lubricant) on frosted 
glasses. 
Blocks were pasted on the roughened side in slides using epoxy resin, pressing and heating it in 
a plate. It improves the fixation and avoids adhesion problems. Once the blocks are fixed, a 
mechanical scabble is performed with a diamond saw. Firstly, the blocks were cut until 1 mm thick, 
and later until a thickness of 300 µm. Thin sections were reduced to a final thickness of 33 µm (100 
µm for thick sections) in the scabble machine using a scheduled abrasion or silicon carbide. Sections 
are finished polishing them with fine-grained abrasives (aluminium oxide of 0.005 µm particle size). 
To easily identify the different feldspars, sections were staining with sodium cobaltnitrite. With 
this stain, potassic feldspar acquires a distinctive yellowish colour, whereas plagioclase keeps its 
initial petrographic features. 
 
Major elements (EPMA) 
Major-element chemical analyses of minerals from the different plutonic rocks were performed in 




composition has been analysed at the Centro Nacional de Microscopía Electrónica “Luis Bru” 
(Complutense University, Madrid, Spain) using a Jeol JXA-8900 M electron microprobe with five 
wavelength dispersive spectrometers. Most of the analytical work was performed by Enrique Merino 
Martínez, although some of the analyses shown in this manuscript were carried out by Dr. Cecilia 
Pérez-Soba. Analytical conditions were an accelerating voltage of 15 kV and an electron beam current 
of 20 nA, with a beam diameter of 5 µm. Elements were counted for 10 s on the peak and 5 s on each 
background position. Corrections were made using the ZAF method. 
Analysed elements by electron microprobe were: Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, P, Zn, Cr 
and Ni, quoted as oxides, and other elements, such is Cl and F. Structural formulas were calculated 
from the oxide percentage based upon the number of oxygen for each mineral. Summary of mineral 
analyses and results from the structural formula calculations are listed in the different sheets of the 
Supplementary Table I in DVD. 
 
Trace elements (LA–ICP-MS) 
Trace-element analyses of main and accessory minerals (except zircon) were carried out in situ on 
selected thick sections (~100 µm thick) by Laser Ablation–ICP-MS at The Natural History Museum, 
London, using an Agilent 7500cs ICP-MS coupled to an ESI New Wave UP193FX laser source (193 
nm short pulse width ArF excimer laser). Most of the analyses were obtained by Enrique Merino 
Martínez, although some analytical data were also acquired by Dr. Cecilia Pérez-Soba. Both short stay 
and analytical data were totally funded by an European Synthesys grant. In some samples, several 
minerals were analysed on thin sections (33 µm-thick); in these cases, however, the time of analysis 
was long enough for the detection and the acquisition of reliable trace element counts. During the 
time-resolved analysis of minerals, the contamination from inclusions, fractures and zones of different 
composition was detected by monitoring several elements and integrating only the relevant part of the 
signal. The counting time for one analysis was typically 90 s (36 s measuring gas blank to establish the 
background and 54 s for the remainder of the analysis). The repetition rate of the laser was 10 Hz, with 
a fluence of approximately 3 J/cm2. Spot size varied between 25 and 50 µm in diameter, commonly 
using an aperture of 30 µm. The NIST 612 and BCR-2G glass standards were used to calibrate relative 
element sensitivities for the mineral analyses and to determine accuracy. Each analysis was normalised 
to SiO2 (K-feldspar, plagioclase, muscovite, biotite, cordierite, garnet, and beryl), Al2O3 (chrysoberyl 
and gahnite), TiO2 (ilmenite, rutile) or CaO (apatite, phosphates) using the concentrations determined 
by electron microprobe in the different minerals measured. Precision is estimated to be between 2 and 
8% for most of the analysed trace elements. In general, accuracy is better than 86% for most of the 
elements, although some of them (B and Be) show slightly larger inaccuracies. The LA–ICP-MS 
trace-element results are shown in Supplementary Table II of DVD. 
Zircon LA–ICP-MS trace-element analyses were performed in crystals with known U–Pb age 
and Hf isotopic composition. Zircons were separated using standard mineral separation techniques and 
handpicking, and mounted in epoxy discs. Zircon grains were polished and studied on back-scattered 
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electron imaging via EPMA. Zircon trace-element contents were obtained by Laser Ablation–MC-
ICP-MS at the GEMOC laboratories, Australia, using a New Wave 266 laser source coupled to an 
Agilent 7500 ICP-MS system. Analyses were carried out with a 266 nm beam with a pulse rate of 5 
Hz and energy of 1 mJ/pulse, producing a spatial resolution of 30–50 µm. The NIST-610 glass was 
used as the external calibration standard. Each analysis was normalised to SiO2 using the 
concentrations determined by electron microprobe in the different measured zircon grains. The 
precision and accuracy of the NIST-610 analyses are 2–5% for REE, Y, Nb, Hf, Ta, Th and U at the 
ppm concentration level, and from 8 to 10% for Mn, P, Ti and Pb. Other analytical description has 
been given by Belousova et al. (2006). Precision is estimated to be between 2 and 8% for most of the 
analysed trace elements. The trace-element composition of the studied zircon crystals is shown in 
Supplementary Table II of DVD. 
 
Geochronology 
Geochronological analyses were carried out both in monazite and zircon crystals using different 
micro-analytical techniques. U–Th–Pb chemical dating of monazite was performed by electron 
microprobe (EPMA). In addition, zircon dating was performed through U–Pb (Th) isotopic 
geochronology via LA–ICP-MS. 
Monazite and zircon crystals were concentrated and mounted by Enrique Merino Martínez in the 
petrographical techniques laboratory of the Petrology and Geochemistry Department at the Geological 
Sciences Faculty (Universidad Complutense de Madrid, UCM), using conventional separation 
techniques. Once rock samples were crushed, milled and sieved, the rock powder was processed in a 
Wilfley table. Monazite and zircon crystals were concentrated using heavy liquids and a Frantz 
magnetic separator at different intensities. After these mineral separation techniques, crystals were 
handpicked under a binocular microscope. Mineral concentrates were mounted in parallel rows in a 
doubly adhesive tape and casted in epoxy resin. 
Resin discs were polished using fine-grained abrasives (alumina powder 0.03 and 0.005 µm) to 
avoid impurities or mineral surface defects, and to further expose their central portions. Finally, they 
were imaged with transmitted and reflected light on a petrographic microscope, and studied on back-
scattered electron imaging via EPMA to identify internal structures, zoning, inclusions, fractures and 
other crystal defects. 
 
 
U–Th–Pb chemical dating of monazite (EPMA) 
Major and minor element analyses of these crystals were obtained by Enrique Merino Martínez using 
a CAMECA SX-100 electron microprobe at the University of Oviedo (Spain). The analytical 
procedure is as follows: an accelerating voltage of 25 kV and a beam current of 100 nA for P, Al, Si, 




(peak + background) of 600 s for Pb, 360 s for U and Th, and 120 s for all the other elements. 
According to this procedure, the calculated detection limit (2σ) was 150 ppm for Pb and U, whereupon 
the absolute error was taken as 150 ppm. A systematic relative error of 2% was assumed for Th, and 
also for U concentrations above 7500 ppm to avoid an unrealistic low error for U-enriched grains. 
The standards were crocoite (PbCrO4) for Pb, uraninite (UO2) for U, thorianite (ThO2) for Th, 
end-member synthetic phosphates (XPO4) for each rare-earth element (REE) and Y, apatite for P and 
Ca, and garnet for Si and Al. Treatment of individual analyses and isochron mean age calculations 
were performed using the EPMA dating software (Pommier et al., 2002), a Microsoft Excel add-in 
program for determining U–Th–Pbtotal ages from microprobe measurements. This program follows the 
method by Cocherie and Albarede (2001), providing an age for each individual analysis and also all 
the parameters needed for calculating mean and intercept ages. These parameters were plotted with the 
ISOPLOT program of Ludwig (2003) to obtain statistics from suitable diagrams. The EPMA dating 
program allowed the calculation of (1) mean ages and errors from the slope of a Pb vs Th* diagram 
(Suzuki and Adachi, 1991), (2) the U–Th–Pb age at the centroid of the best fit line, and (3) the Th–Pb 
and U–Pb intercept ages from the Th/Pb vs U/Pb diagram. All ages are given with absolute errors, and 
calculations are done at 2σ level. The intercept of the regression line with the Pb axis in the Pb vs Th* 
diagram had no significance in terms of common lead or Pb loss, but it could lead to miscalculations 
of the slope when the points were gathered in a limited field of this plot. Thus, the regression line was 
forced through the origin to avoid these artefacts, as proposed by Cocherie et al. (1998). 
Some analyses were not considered for mean age calculations (shown in brackets). The criteria 
used for excluding analyses were: (1) electron microprobe total oxide amounts lower than 97% or 
higher than 103%, which were not coherent with monazite structural formula and (2) individual ages 
not equivalent with the average value within analytical error. Moreover, spots with U below detection 
limits (which imply 100% U/Pb 2σ errors) were not considered for calculations made using the Th/Pb 
vs U/Pb diagram. The results of EPMA dating of monazite are listed in Table 12. 
 
U–Pb (Th) zircon geochronology (LA–ICP-MS) 
U–Pb zircon dating of most of the granitoid samples (except sample 106821) were performed by Dr. 
Carlos Villaseca using an Agilent 7500S ICP-MS attached to a Merchantek 213 nm New Wave 
Nd:YAG laser microprobe at GEMOC (Sydney, Australia). The frequency for the analyses was 5 Hz, 
and the spot size of the laser was 30–40 µm. Belousova et al. (2001) and Jackson et al. (2004) 
described in detail the analytical procedures used here. The acquisition of signals was recorded as a 
function of time (ablation depth). The analysis took approximately 3 min consisting of 60 s of 
background measurement followed by ablation (120 s). Data were acquired on five isotopes (206Pb, 
207Pb, 208Pb, 232Th and 238U) using the instrument’s time-resolved-analysis data acquisition software. 
Since the LA–ICP-MS instrument could not reliably measure 204Pb, the method of Andersen (2002) 
was applied for common-lead correction on discordant analyses. This correction assumes that the 
observed 206Pb/238U, 207Pb/235U and 208Pb/232Th ratios of a discordant zircon reflect a combination of 
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common lead and lead loss at a defined time, and solves the resulting mass-balance equation. No 
correction was applied to analyses that are concordant within 2σ analytical errors in 206Pb/238U and 
207Pb/235U. Mass discrimination in the mass spectrometer and residual elemental fractionation were 
corrected by calibration against a homogeneous standard zircon (GEMOC GJ-1, 600–609 Ma; Jackson 
et al., 2004). The 206Pb/238U, 207Pb/235U, 207Pb/206Pb and 208Pb/232Th isotopic ratios used for this 
calibration are shown in Figure 1 and Table 2 of Jackson et al. (2004). The analysis was performed in 
‘runs’ of 16 analyses that included 12 unknowns bracketed at the beginning and the end by 2 analyses 
of the GJ-1 zircon standard. The “unknowns” included two near-concordant reference zircons, 91500 
(Wiedenbeck et al., 1995) and Mud Tank (Black and Gulson, 1978), which were analysed before the 
samples and were used as independent control on reproducibility and instrument stability. Their 
measured mean values are within 2σ of the recommended values. The precision and accuracy obtained 
on those standards by LA–ICP-MS are discussed in detail by Jackson et al. (2004). Isotope ratios were 
calculated from background subtracted signals for the corresponding isotopes. Uncertainties in these 
ratios combine the uncertainties of signal and background, arising from counting statistics, added in 
quadrature. The same error propagation was used for both standards and unknowns. The standard 
ratios were interpolated between measurements of the unknowns. This procedure allowed the 
propagation of uncertainties in the standard ratio measurements to estimate the standard ratio 
uncertainties relevant to each unknown ratio measurement. These relative uncertainties were then 
combined with those of the unknowns in quadrature. Furthermore, a 1% uncertainty (1σ) was assigned 
to the standard isotope ratios and was propagated through the error analysis. This procedure assured 
that the analytical uncertainties presented here are conservative (maximum probable) estimates. 
U–Pb ages were calculated from raw signals using GLITTER (www.es.mq.edu.au/GEMOC; 
Van Achterbergh et al., 2001) version 4.4. This software permits the calculation of relevant isotopic 
ratios for each mass sweep, and allows the isotopically homogeneous portion of the signal to be 
selected for integration. The calibration of each selected sample time-segment against the identical 
time-segments of the standard zircon (GJ) analyses allows the correction of integrated ratios for 
ablation-related fractionation and instrumental mass bias. 
U–Pb isotope zircon composition of the granitoid sample 106821 (Azután granodiorite) and of 
the metasedimentary samples from the CIZ (n = 8, five from the S-CIZ and three from the N-CIZ) 
were analysed by Enrique Merino Martínez via laser ablation-inductively coupled-mass spectrometry 
using a Nu Plasma HR multicollector ICP-MS and a NewWave/Merchantek LUV-213 laser 
microprobe at the Department of Geosciences, University of Oslo (Norway). The mass spectrometer 
was equipped with a collector block which allows simultaneous measurement of masses 204, 206 and 
207 in ion counters, and 238 in a Faraday collector. Ablations were performed in helium, and the He-
aerosol mixture was mixed with argon prior to entering the plasma. The analytical protocol for U–Pb 
is given in Rosa et al. (2009). 235U was calculated from the signal at mass 238 using a natural 238U/235U 
= 137.88. Contamination on mass 204 from 204Hg was typically of ca. 1000 c.p.s., and removed by on-
mass background measurement prior to each ablation. The background-corrected signal at mass 204 




composition given by the Stacey–Kramers' global lead evolution curve at the uncorrected 206Pb/238U 
age (Stacey and Kramers, 1975). Those analyses showing low 206Pb/204Pb ratios (< 2000) have been 
rejected for calculations due to possible common-Pb contamination. The errors reported for isotopic 
ratios were calculated using standard error propagation formulae (Taylor, 1997), and incorporate 
contributions from counting statistics on backgrounds and signals for standards and unknowns, as well 
as the uncertainties of the published compositions of reference zircons. Reference zircons were GJ-1 
(609 ± 1 Ma; Belousova et al., 2006), 91500 (1065 ± 1 Ma; Wiedenbeck et al., 1995), A382 (1876 ± 1 
Ma; Patchett and Kouvo, 1986) and Temora-2 (417±1 Ma; Black et al., 2003). Eighty seven runs on 
91500 calibrated against Temora-2 yields an average age of 1059±4 Ma. The long-term (> 2 years) 
precision is <1% (2σ) for 206Pb/238U and 207Pb/206Pb. 
Thirty-five analyses were corrected for common lead and 25 analyses which remained highly 
discordant were rejected for the discussion in this study. The ages shown in the figures are 207Pb/206Pb 
ages for grains older than 1.0 Ga and 206Pb/238U ages for younger grains. Concordia and weighted 
average ages were calculated using Isoplot Ex 3.0 (Ludwig, 2003). U–Pb isotope results for zircon 
from the MTB granitoids are listed in Table 12.  
 
Lu–Hf isotope zircon composition (LA–ICP-MS) 
The Hf-isotope analyses of zircon from the MTB granitoids (excepting sample 106821) were 
performed in situ by Dr. Carlos Villaseca using a 213 nm Nd:YAG laser microprobe attached to a Nu 
Plasma multi-collector ICP-MS system at the GEMOC laboratories. Each analysis was carried out 
with a beam diameter of 40–55 µm, a 5 Hz repetition rate, 60% power output and a beam fluence of 
about 2 J/cm2. The ablation times were 100–200 s, resulting in pits 30–40 µm deep. Ar carrier gas 
transports the ablated sample from the laser-ablation cell via a mixing chamber to the ICP-MS torch. 
Griffin et al. (2000, 2004) described the methodology in detail. To evaluate the accuracy and precision 
of the laser-ablation results, and to test the reliability of the correction protocols, two zircon standards 
(91500 and Mud Tank, MT) were repeatedly analysed. These reference zircons gave 176Hf/177Hf = 
0.282310 ± 0.000049 (2σ) and 0.282502 ± 0.000044 (2σ), respectively, which are indistinguishable 
from other LA–ICP-MS reported values (0.282307 ± 0.000058 for 91500 and 0.282523 ± 0.000043 
for MT (Griffin et al., 2006, 2007). The 2σ uncertainty on a single analysis of 176Lu/177Hf is ± 0.001–
0.002% (about 1 epsilon unit), reflecting both analytical uncertainties and the spatial variation of Lu–
Hf across many zircons. 
The Lu–Hf zircon isotope composition of the granitoid sample 106821 (Azután granodiorite) 
and of zircon from the metasedimentary sequences of the CIZ (n = 8, five from the S-CIZ and three 
from the N-CIZ) were analysed by Enrique Merino Martínez via laser-ablation inductively coupled 
plasma source mass spectrometry using a Nu Plasma HR mass spectrometer and a NewWave LUV-
213 laser microprobe at the Department of Geosciences of the University of Oslo. Masses 172 to 179 
were measured simultaneously in Faraday collectors, using the Nu Plasma collector block. Laser 
ablation conditions were: 50–60 µm static spot (aperture imaging mode), 5 Hz pulse frequency and ca. 
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2 J/cm2 beam fluence. Each ablation was preceded by a 30 seconds on-mass background measurement. 
The total Hf signal obtained was in the range 1.5–4.0 V. Under these conditions, 120–150 seconds of 
ablation are required to obtain an internal precision of ≤ ± 0.000020 (1σ). Isotope ratios were 
calculated using the Nu Plasma time-resolved analysis software. The raw data were corrected for mass 
discrimination using an exponential law, the mass discrimination factor for Hf (ƒHf) was determined 
assuming 179Hf/177Hf = 0.7325 (Patchett and Tatsumoto, 1980). The reference standards Mud Tank, 
Temora-2 and LV-11 were used for analysis calibration. Their analysed mean values (0.282505 ± 
0.000036, 0.282734 ± 0.000085, and 0.282950 ± 0.000248, respectively) agree with the mean 
published values (MT values cited above, and mean values of 0.282669 ± 0.000058 for Temora-2 and 
0.282824 ± 0.000080 for LV-11; Heinonen et al., 2010). The protocol used for correction for 
interference from 176Lu and corrected 176Hf is given in Andersen et al. (2009). 
The 176Lu decay constant value of 1.865 x 10-11 a-1 was used in all calculations (Scherer et al., 
2001). Chondritic 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008) and the 
depleted mantle 176Hf/177Hf = 0.28325 (ƐHf = +16.4) and 176Lu/177Hf = 0.0384 (Griffin et al., 2000) 
were used to calculate ƐHf values and model ages. The ƐHf ratios have been calculated using the U–
Pb Variscan age obtained for the corresponding intrusion and the measured U–Pb spot age for 
inherited zircon grains (207Pb/206Pb ages for grains older than 1.0 Ga and 206Pb/238U ages for younger 
grains). TDM ages are calculated using the measured 176Lu/177Hf ratios of the zircon and give the 
minimum age for the source material of the magma from which the zircon crystallised (Andersen et 
al., 2002). A “crustal” model age (TDMC) was also calculated for each zircon grain; this calculation 
assumes that the parental magma was derived from the average continental crust (176Lu/177Hf = 0.015), 
which in turn was originally derived from the depleted mantle (Andersen et al., 2002). Summary of 
Lu–Hf results of granitoid samples from the MTB are listed in Table 14. The Hf-isotope zircon 
composition of detrital zircons from metasedimentary samples from the CIZ is shown in 
Supplementary Table III of DVD. 
  
I.5.- Results 
The results obtained during the development of this PhD Thesis have led to the publication of several 
scientific articles in national and international SCI journals. In addition, most results have also been 
presented and discussed in national and international conferences. A chonologically-sorted summary 
of the articles and conference abstracts where most results can be found is detailed as follows: 
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Las rocas graníticas son la  mejor evidencia de la diferenciación de la corteza continental en cinturones 
orogénicos continentales (p.e., Chappell y White, 1974; Chappell, 1979; Miller, 1985; Kemp et al., 
2007; Clemens et al., 2011). Estos magmas relacionados con colisiones continentales proporcionan 
pistas muy relevantes para entender la evolución de la corteza y los procesos involucrados en niveles 
profundos. Los objetivos principales de los petrólogos de rocas graníticas han sido discriminar entre 
diferentes series graníticas y descifrar los mecanismos de generación de fundidos, la naturaleza de las 
roca fuente y los procesos responsables de la variabilidad química e isotópica en magmas graníticos 
(Chappell y White, 1974; Debon y Le Fort, 1983; Miller, 1985; Patiño Douce y Beard, 1995; Villaseca 
et al., 1998a, b; Healy et al., 2004; Kemp et al., 2007; Miller et al., 2007; Schaltegger et al., 2009; 
Clemens et al., 2011). En ambientes orogénicos intracontinentales, la mayoría de los granitoides 
muestran una afinidad peralumímica (ACNK > 1; Sylvester, 1998; Villaseca et al., 1998a; Bea et al., 
2003). La naturaleza y el origen de fundidos félsicos sigue siendo un tema de debate, dado que el 
modelo general es relacionar su génesis con la fusión parcial de metasedimentos siliciclásticos 
(granitos de tipo-S) o rocas metaígneas (granitos de tipo-I) (Chappell y White, 1974; Chappell, 1979), 
o por mezcla e hibridación de materiales mantélicos y corticales (p.e., Castro et al., 1999, Healy et al., 
2004; Dias et al., 2002; Kemp et al., 2007). Sin embargo, existen evidencias experimentales y 
geoquímicas que sugieren también la participación de rocas metaígneas félsicas para la generación de 
granitoides de tipo-S (Miller, 1985; Holtz y Johannes, 1991; Patiño Douce y Beard, 1995; Sylvester, 
1998; Villaseca et al., 1998a, b, 2012; Kurhila et al., 2010; Clemens et al., 2011; Merino Martínez et 
al., 2014). La diversidad de fundidos graníticos peralumínicos parece estar principalmente controlada 
por la composición de la roca fuente y por procesos de fraccionamiento (Chappell y White, 1974; 
Chappell, 1979; Champion y Bultitude, 2013), además de por las condiciones de fusión parcial, 
incluyendo la estequiometría de la reacción de fusión y el arrastre de minerales peritécticos (Ayres y 
Harris, 1997; Villaseca et al., 1998a, 1999; Clemens, 2003; Zeng et al., 2005; Stevens et al., 2007; 
Villaros et al., 2009, 2012; Clemens et al., 2011; Farina y Stevens; 2011; Clemens y Stevens, 2012). 
El batolito de los Montes de Toledo (BMT)  es una alineación plutónica dentro del Cinturón 
Varisco Ibérico fundamentalmente compuesto por granitoides peralumínicos (Andonaegui, 1990; 
Andonaegui y Barrera, 1984; Orejana et al., 2012; Villaseca et al., 2008b; Merino et al., 2013a; 
Merino Martínez et al., 2014). El batolito está subdividido en dos sectores (este y oeste) en base a las 
diferencias geoquímicas e isotópicas encontradas entre ambos segmentos (Villaseca et al., 2008b; 
Merino Martínez et al., 2014). Éstas incluyen unos mayores contenidos de P2O5 y Rb y de relaciones 
iniciales de ƐNd, y menores de CaO y de relaciones 206Pb/204Pb–208Pb/204Pb en los plutones del 
segmento occidental. Sin embargo, tres series peralumínicas distintas se han encontrado en base a su 
diferente signatura geoquímica e isotópica (Merino Martínez et al., 2014). Las series más 
peralumínicas están localizadas en el sector occidental, mientras que en la parte oriental está 
compuesta por granitoides con la menor peraluminosidad y, en consecuencia, los mayores contenidos 
en Ca y Na (Villaseca et al., 2008b; Merino Martínez et al., 2014). La ausencia de rocas plutónicas de 
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composición básica en el área y la composición isotópica (Sr, Nd) de afinidad cortical del batolito son 
argumentos en contra de la posible hibridación con magmas máficos. Por lo tanto, se sugiere la fusión 
de rocas corticales en niveles de corteza inferior a media para el origen de los granitoides del batolito 
de los Montes de Toledo. Estas características químicas contrastadas entre las dos áreas están 
inicialmente relacionadas con diferencias en las rocas fuente. Villaseca et al. (2008b) y Merino 
Martínez et al. (2014) proponen que las intrusiones del sector oriental están derivadas de la fusión de 
protolitos meta-ígneos félsicos (de la corteza inferior) con una composición diferente en comparación 
con las rocas metamórficas aflorantes (Villaseca et al., 1999). Por el contrario, el segmento occidental 
del BMT podría estar ligado a la fusión de rocas metasedimentarias (mezcla de pelitas y grauvacas) 
equivalentes a las formaciones Neoproterozoicas regionales (Villaseca et al., 2008b; Merino Martínez 
et al., 2014). Esta hipótesis está también corroborada por la naturaleza peralumínica más pronunciada 
de los granitos del sector occidental. De hecho, este estudio sugiere que la participación de fuentes 
distintas en la génesis granítica es uno de los factores más importantes responsables de la composición 
geoquímica e isotópica inicial de estos fundidos y de su evolución química a través del 
fraccionamiento cristalino, tal como muestran las pautas de evolución química seguidas en base a roca 
total y a partir del análisis de elementos traza en minerales vía LA–ICP-MS de los granitoides del 
BMT. 
La geocronología in situ de U–Pb en circón y la composición isotópica de Hf de circón en rocas 
graníticas son herramientas muy útiles para descifrar la evolución cortical en ambientes orogénicos 
continentales (p.e., Cocherie et al., 1998; Williams et al., 1999; Griffin et al., 2000, 2004; Belousova et 
al., 2006, 2010; Hawkesworth y Kemp, 2006; Andersen et al., 2009; Schaltegger et al., 2009; Teixeira 
et al., 2011; Villaros et al., 2012; Villaseca et al., 2012; Merino Martínez et al., 2014). La robustez y el 
carácter refractario del circón permiten preservar la composición isotópica inicial del magma en el 
momento de su cristalización y distinguir entre procesos magmáticos, heterogeneidades en las fuentes 
o contaminación cortical con fundidos mantélicos (p.e., Griffin et al., 2000, 2004; Belousova et al., 
2006, 2010; Hawkesworth y Kemp, 2006; Schaltegger et al., 2009). Además, la datación química de 
monacita se ha usado para constreñir no sólo la geocronología de eventos magmáticos (p.e., Be 
Mezeme et al., 2006), sino que también sirve para datar eventos de crecimiento de monacita en 
terrenos polimetamórficos (p.e., Cocherie et al., 1998; Williams et al., 1999). En este sentido, la 
combinación de la geoquímica y la signatura isotópica (Rb–Sr, Sm–Nd) de roca total con datación in 
situ de monacita y composición isotópica de circón son herramientas muy poderosas para discriminar 
entre tipos graníticos y para discernir entre las fuentes involucradas en la génesis de magmas (p.e., 
Patchett y Kouvo, 1986; Kemp et al., 2007; Villaros et al., 2009, 2012; Teixeira et al., 2011; Villaseca 
et al., 2012). 
A pesar de que existen un gran número de trabajos geocronológicos en el Macizo Ibérico (p.e., 
Dias et al., 1998; Fernández-Suárez et al., 2000a; Carracedo et al., 2009; Solá et al., 2009; Antunes et 
al., 2008, 2010; Gutiérrez-Alonso et al., 2011; Orejana et al., 2012b; Chicharro et al., 2013, 2014), no 
habían estudios geocronológicos detallados del magmatismo félsico tardi-Varisco del batolito de los 




(el plutón de Mora-Las Ventas) fue datada por Andonaegui (1990), aportando una edad de 320 ± 8 Ma 
(en base a isocrona de Rb-Sr en roca total). Sin embargo, este dato debe de tratarse con cautela, ya que 
está en contradicción con las edades propuestas para la fase de deformación dúctil Varisca D3 (325–
313 Ma; p.e., Dias et al., 1998; Fernández-Suárez et al., 2000a). Otras dataciones en esta región  están 
limitadas a leucogranitos anatécticos y granitos ricos en restitas del Complejo Anatéctico de Toledo 
(CAT), en donde distintos valores han sido propuestos como la edad más probable de migmatización 
(~311 Ma por Barbero y Rogers, 1999; ~332 Ma por Bea et al., 2006; y ~317 Ma por Castiñeiras et al., 
2008). Otras regiones anatécticas del centro de España proporcionaron edades de migmatización en el 
rango de 337 a 330 Ma (Bea et al., 2006; Castiñeiras et al., 2008). Algunos estudios recientes se han 
centrado en determinar la edad del magmatismo en regiones plutónicas cercanas, como por ejemplo el 
batolito del Sistema Central Español (SCE; p.e., Zeck et al., 2007b; Díaz-Alvarado et al., 2011; 
Villaseca et al., 2011b; Orejana et al., 2012b) e intrusiones de la zona sur de la Zona Centro-Ibérica 
(p.e., Carracedo et al., 2005, 2009; Solá et al., 2009; Antunes et al., 2008, 2010; Chicharro et al., 2013, 
2014). Todas las edades extraídas por estos autores para estas intrusiones post-tectónicas se encuentran 
concentradas en el estrecho rango 309–297 Ma. Sin embargo, se han encontrado varias diferencias en 
el Sistema Central Español, en donde los plutones del sector oriental son ligeramente más jóvenes que 
los de la parte occidental. 
Es importante resaltar que la composición isotópica de Hf en circón en granitoides Variscos y 
rocas metamórficas pre-Variscas de la Zona Centro-Ibérica está limitada únicamente a unos pocos 
datos disponibles del norte de Portugal (Teixeira et al., 2011) y del Sistema Central Español (Villaseca 
et al., 2011a, b, 2014b; Orejana et al., 2014a, b). En el presente trabajo, siete muestras representativas 
de los diferentes tipos graníticos peralumínicos del batolito de los Montes de Toledo han sido 
seleccionadas para datación in situ mediante isótopos de U–Pb en circón vía LA–ICP-MS para 
establecer la edad de emplazamiento del batolito, actualizando los estudios geocronológicos previos 
llevados a cabo en intrusiones graníticas del sector (Andonaegui, 1990). Además, se han realizado 
análisis de isótopos de Lu–Hf en circones magmáticos y heredados del batolito de los Montes de 
Toledo para descifrar las posibles fuentes corticales involucradas en la generación de estos granitoides 
(metaígneas vs metasedimentarias). Para ello, se han realizado análisis isotópicos de U–Pb y Lu–Hf en 
circones detríticos pertenecientes a diversas muestras metasedimentarias de los sectores meridionales 
y septentrionales de la Zona Centro-Ibérica (S-ZCI y N-ZCI, respectivamente; Fig. 1). Estos 
resultados, junto con los datos de isótopos de Hf en circón disponibles de secuencias 
metasedimentarias y metaígneas de la ZCI (Teixeira et al., 2011; Villaseca et al., 2011a, 2012), 
permiten una comparación directa entre la composición isotópica de Hf de circones heredados 
encontrados en los granitoides del BMT con los circones de las secuencias metasedimentarias y rocas 
metaígneas de la ZCI. Por lo tanto, este estudio no sólo contribuye a compensar la escasez de 
información de edades precisas U–Pb en el batolito de los Montes de Toledo, sino que también añade 
nuevos datos sobre la composición isotópica de Hf en circón de granitoides Variscos tardi- a post-
colisionales del centro de España, de secuencias metasedimentarias de edad Neoproterozoico a 
Cámbrico y de rocas metaígneas del centro de España, lo cual es fundamental para la discusión de la 
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naturaleza de las fuentes de magmas félsicos. Por tanto, este trabajo proporciona evidencias 
adicionales de que los granitos de tipo-S pueden formarse a raíz de la fusión parcial de rocas 
metasedimentarias y/o metaígneas, y su signatura química e isotópica heredada no es borrada (u 
homogeneizada) durante la amalgamación de los distintos pulsos magmáticos implicados en la 
formación del batolito. 
La mayoría de los resultados obtenidos durante la elaboración de esta Tesis Doctoral han sido 
publicados en revistas nacionales e internacionales de tipo SCI (ver sección I.5 y Material 
Suplementario en DVD), y presentados en conferencias nacionales e internacionales. Estos resultados 
pueden encontrarse en las contribuciones internacionales de Villaseca et al. (2008b, 2014a, b), Orejana 
et al. (2012a, 2014a, b), Merino et al. (2013a) y Merino Martínez et al. (2014). Sin embargo, este 
documento presentan datos analíticos inéditos, descripciones adicionales, y temas distintos originales. 
Por tanto, esta Tesis Doctoral es un compendio de todos los artículos y resúmenes publicados (ver 
sección I.5. Resultados) junto con los nuevos datos inéditos, lo que resulta en una nueva discusión más 
enriquecida y en un trabajo más interesante sobre el magmatismo Varisco del batolito de los Montes 
de Toledo. 
 
I.1.- Marco Geológico 
El Cinturón Orogénico Varisco Europeo es el resultado final de la convergencia y la colisión de los 
grandes paleocontinentes Laurussia y Gondwana, así como del cierre de cuencas oceánicas y la 
amalgamación de otras pequeñas masas continentales (p.e., Avalonia, Armórica) a finales del 
Paleozoico durante un largo periodo de alrededor de 80 Ma (entre 370 y 290 Ma, p.e., Martínez-
Catalán et al., 2007), que dio lugar a la formación del supercontinente Pangea. Los afloramientos 
actuales de este cinturón orogénico están acualmente preservados desde el N de Bohemia hasta la 
Península Ibérica, con una extensión de unos 3000 km de longitud y de 700 a 900 km de anchura, 
formando un conjunto de macizos continentales: Bohemia, Árdenas y Renano, S de Irlanda, S de 
Gales, Cornualles, Selva Negra y Los Vosgos, Macizo Central Francés, Macizo Armoricano, y por 
último, Macizo Ibérico (Fig. 1). 
El Macizo Ibérico está clásicamente dividido en seis zonas mayores: Zona Cantábrica, Zona 
Astur-Occidental Leonesa, Zona Centro-Ibérica, Zona de Ossa Morena y Zona Sudportuguesa, 
incluyendo la Zona de Galicia-Tras-os-Montes como una unidad separada de la Zona Centro-Ibérica 
(Fig. 1; p.e., Lotze, 1945; Julivert et al., 1972; Farias et al., 1987). La Zona Centro-Ibérica (ZCI) 
representa la parte más interna del Cinturón Varisco Ibérico (Fig. 1), el terreno Varisco más amplio 
situado en la parte más suroeste del Varisco Europeo. Esta zona se caracteriza por una potente (8–11 
km) secuencia metasedimentaria de pelitas y capas psamíticas alternantes a las que se superpone 
discordantemente la Cuarcita Armoricana (Ordovícico Inferior, Arenig). Estas rocas 
metasedimentarias se consideran mayoritariamente de edad Neoproterozoico a Cámbrico debido a la 




azoicas; p.e., Ribeiro, 1990; Rodríguez-Alonso et al., 2004; aunque se ha encontrado fauna de 
Ediacara en capas carbonáticas (Herrero et al., 2011). 
 
I.1.i.-  La Orogenia Varisca dentro de la Zona Centro-Ibérica 
En la Zona Centro-Ibérica (ZCI), la colisión Varisca no sólo deformó y metamorfizó las rocas pre-
Carboníferas del basamento, sino que también generó un importante volumen de granitoides sin- a 
post-tectónicos. Tres fases principales de deformación han sido descritas en la ZCI (Diez Balda, 
1986): i) plegamiento suvertical en una dirección general NW-SE (D1) y una foliación asociada (S1); 
ii) cizallamiento heterogéneo subhorizontal (D2) que desarrolló una foliación (S2) superimpuesta a la 
anterior; y iii) plegamiento de amplia longitud de onda (D3) y esquistosidad de crenulación (S3) que 
afectó a las estructuras de deformación previas. En un sentido amplio, la evolución metamórfica en el 
área de la Zona Centro-Ibérica se desarrolló desde condiciones de presión intermedia a baja desde las 
etapas iniciales a las finales (Ugidos, 1990, y referencias citadas en él). Dentro de la ZCI, se 
emplazaron grandes batolitos compuestos mayoritariamente por granitoides peralumínicos con escasas 
variedades metalumínicas y de rocas básicas asociadas (p.e., Capdevila et al., 1973; Ugidos y Bea, 
1976, 1979; Corretgé et al., 1977; Corretgé el a1., 1985; Serrano Pinto et al., 1989; García-Casco et 
al., 1989; Villaseca et al., 1998b; Bea et al., 1999; Castro et al., 1999; Villaseca y Herreros, 2000). El 
intervalo de tiempo definido por el magmatismo félsico en la Zona Centro-Ibérica implica un 
emplazamiento casi contemporáneo para la mayoría de las intrusiones tardi- a post-cinemáticas (con 
respecto a la última fase de deformación, D3). Este lapso de tiempo para la formación de fundido y su 
emplazamiento incluye el centro y norte de Portugal (314–296 Ma; Dias et al., 1998; Antunes et al., 
2008, 2010; Valle Aguado et al., 2005; Gutiérrez-Alonso et al., 2011), el batolito de Extremadura 
Central (309–296 Ma; Carracedo et al., 2005; Gutiérrez-Alonso et al., 2011), el batolito de Los 
Pedroches (314–304 Ma; Carracedo et al., 2009), el batolito de Nisa-Alburquerque (309–306 Ma; Solá 
et al., 2009; Gutiérrez-Alonso et al., 2011), y el batolito del Sistema Central Español (313–298 Ma, 
Díaz-Alvarado et al., 2011, 2013; Orejana et al., 2012b). Esta abundante intrusión de magmas félsicos 
post-tectónicos en un intervalo de tiempo corto al final de la colisión Varisca es también una 
característica principal del oeste del Varisco Europeo (Orejana et al., 2012b, y referencias citadas en 
él). 
La Zona Centro-Ibérica ha sido comúnmente subdividida en dos dominios basándose en criterios 
estratigráficos, metamórficos y estructurales (Lotze, 1945; Díez Balda et al., 1990). El sector 
septentrional (Zona Galaico-Castellana de Lotze, 1945; parcialmente coincidente con el Dominio de 
los Pliegues Recumbentes de Diez Balda et al., 1990) se caracteriza por un plegamiento recumbente y 
un mayor grado metamórfico, mientras que el sector meridional (Zona Lusitánica Oriental-Alcudiense 
de Lotze, 1945; Dominio de los Pliegues Verticales de Diez Balda et al., 1990) presenta un 
plegamiento vertical y metamorfismo de bajo grado (Diez Balda et al., 1990). Sin embargo, el límite 
entre estos dos dominios ha sido revisado recientemente de acuerdo con las diferencias encontradas en 
la geoquímica de las rocas metasedimentarias Neoproterozoicas y las rocas meta-ígneas del 
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Ordovícico Inferior que intruyen dichas secuencias (Villaseca et al., 2014): la parte norte (N-ZCI; Fig. 
1), representada principalmente por metasedimentos del Proterozoico Superior a Paleozoico, intruidas 
por rocas meta-ígneas félsicas del Ordovícico Inferior; y la parte sur (S-ZCI; Fig. 1), generalmente 
caracterizada por la presencia de metasedimentos de bajo grado del Complejo Esquisto-Grauváquico y 
varias unidades metasedimentarias Paleozoicas, intruídas por granitoides Cambro-Ordovícicos de tipo-
I. Esta subdivisión se basa en la geoquímica y composición isotópica de roca total de las secuencias 
Neoproterozoicas, ya que las metapelitas Neoproterozoicas del N-ZCI están más enriquecidas en 
LILE, LREE y algún HFSE (Th, U, Zr, Hf, Nb, Ta) que las del S-ZCI, las cuales muestran mayores 
contenidos en P y signaturas de ƐNd más juveniles (valores menos negativos), así como en la 
diferencia de magmatismo Cambro-Ordovícico que intruye en los dominios N y S de la ZCI (Villaseca 
et al., 2014). Por último, ambos sectores están intruidos por un gran volumen de granitoides Variscos 
sin- a post-tectónicos (Fig. 1). 
  
II.1.ii.- El batolito Varisco de los Montes de Toledo  
El batolito de los Montes de Toledo (BMT) se localiza dentro del dominio meridional de la Zona 
Centro-Ibérica (S-CIZ), la cual representa la parte interna del Cinturón Varisco Ibérico colisional. Este 
batolito se compone de al menos 20 intrusiones graníticas las cuales se extienden sobre un área de 
alrededor de 2000 km2 desde Madridejos (Toledo) hasta Belvís de Monroy (Cáceres), definiendo una 
alineación este a oeste (Figs. 1, 2). Estas intrusiones consisten principalmente en monzogranitos a 
leucogranitos de tipo-S, aunque también se encuentran cuerpos menores tonalíticos a granodioríticos 
(Figura i del Apéndice). Los afloramientos mejor expuestos se localizan en los segmentos oriental y 
occidental, mientras que las partes central y septentrional están principalmente recubiertas por 
sedimentos cenozoicos de la Cuenca del Tajo (Fig. 2). La parte este del batolito (E-BMT) intruye 
fundamentalmente en metasedimentos del Paleozoico Inferior, mientras que la parte oeste (W-BMT) 
está emplazada en metasedimentos de bajo grado de edad Neoproteoroico a Paleozoico Inferior (Fig. 
2). Las secuencias metasedimentarias Neoproterozoicas son parte del llamado Complejo Esquisto-
Grauváquico (CEG), el cual se compone de materiales detríticos derivados de orógenos antiguos 
reciclados, y consiste principalmente en pizarras y cuarcitas alternantes, con intercalación ocasional de 
conglomerados, lutitas y mármoles (Valladares et al., 2002), y escasas rocas volcanoclásticas 
coetáneas (Rodríguez-Alonso et al., 2004; Teixeira et al., 2011; Talavera et al., 2012). En el techo de 
estas secuencias se encuentran metasedimentos Cámbricos a Silúricos, representados por una 
alternancia de pizarras, conglomerados y cuarcitas. Todas las secuencias descritas anteriormente 
fueron plegadas durante el evento Varisco compresivo D1 y cizalladas dextralmente durante los 
eventos locales D2 y D3 (Ábalos et al., 2002). 
En los últimos años se han hecho muchos intentos para constreñir la edad de las intrusiones 
félsicas Variscas de la Zona Centro Ibérica, basadas en geocronología precisa de U–Pb en circones. 
Los granitos del Sistema Central Español (SCE, al norte del MTB) intruyeron en un lapso de tiempo 




(Orejana et al., 2012b). Este rango de edad se superpone a la máxima actividad magmática (∼313–298 
Ma) estimada no sólo en la ZCI, sino también para otros granitoides tardi- a post- cinemáticos del 
Cinturón Varisco Europeo Occidental (Orejana et al., 2012b, y referencias citadas en él). El único 
trabajo geocronológico previo en el segmento oriental del batolito de los Montes de Toledo (E-BMT) 
fue realizado por Andonaegui (1990), presentando una isocrona Rb–Sr de roca total de 320 ± 8 Ma 
para el emplazamiento del plutón post- tectónico de Mora-Las Ventas. Sin embargo, el carácter post-
tectónico de esta intrusión está en contradicción con la edad relativamente antigua obtenida, ya que 
sería coincidente con la edad de la fase de deformación dúctil Varisca D3 de la ZCI (325–313 Ma, p.e., 
Dias et al, 1998; Fernández-Suárez et al, 2000a) y por tanto, su validez no es evidente. En el segmento 
oriental del batolito (W-BMT), no existen estudios geocronológicos anteriores a este trabajo. 
Es interesante conocer las edades disponibles de migmatización y de eventos de fusión parcial 
en terrenos de alto grado de zonas vecinas del centro de España, entre ellos el SCE y el Complejo 
Anatéctico de Toledo (CAT), situado justo al norte del E-MTB (Fig. 1). La anatexia es considerada 
como un evento tardío con respecto a la fase de deformación dúctil Varisca D2 en el SCE (337–332 
Ma; Castiñeiras et al, 2008), e incluso un poco más joven en el ACT (320–310 Ma; Castiñeiras et al., 
2008). Estas edades de migmatización son comparables con las obtenidas en otros terrenos Variscos 
europeos, como ocurre en el Domo de Velay y el SE del Macizo Central Francés (340–314 y 329–323 
Ma, respectivamente; Ledru et al., 2001; Be Mezeme et al, 2006), en el Complejo granulítico Sajón y 
en el Domo de Orlica-Snieznik del Macizo de Bohemia (345–330 Ma; Kröner et al, 1998; Gordon et 
al, 2005), o en el centro de Europa (340–317 Ma, véase compilación de von Raumer et al., 2013). 
Algunos trabajos recientes han estudiado la composición isotópica de Hf en circón de granitos 
de la ZCI, incluyendo el norte de Portugal (Teixeira et al., 2011) y el Sistema Central Español 
(Villaseca et al, 2012), mostrando resultados ligeramente diferentes. Los granitos de tipo-S del norte 
de Portugal presentan circones con una heterogeneidad radiogénica de Hf significativa, lo que se ha 
interpretado como resultado de fuentes corticales heterogéneas o mezcla de magmas (Teixeira et al., 
2011). Por otro lado, los circones de granitos de tipo-S y de tipo-I del sector oriental de SCE muestran 
un rango más restringido en valores de ƐHf que se superponen a los obtenidos en xenolitos félsicos de 
la corteza inferior, apoyando así la naturaleza metaígnea de los tipos graníticos estudiados en esta 
región (Villaseca et al., 2012). 
 
I.2.- Objetivos 
El objetivo principal de esta Tesis Doctoral queda fundamentalmente centrado en el estudio de los 
plutones del área occidental del batolito de los Montes de Toledo, desde Belvís de Monroy a 
Aldeanueva de Barbarroya, aunque se han realizado correlaciones y comparaciones tanto con el sector 
más oriental del batolito (área de Las Ventas a Madridejos en Toledo, ya estudiados previamente por 
investigadores del Departamento de Petrología y Geoquímica de la UCM), como con plutones 
peralumínicos del Sistema Central Español. El sector occidental del batolito está formado por granitos 
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fuertemente peralumínicos (incluso con paragénesis con dos polimorfos del silicato alumínico: 
andalucita y silimanita, y otros minerales ricos en Al), con tendencias perfosfóricas y afinidad de tipo-
S de la nomenclatura internacional. Esta Tesis Doctoral no sólo incluye un estudio detallado en base a 
geoquímica y química mineral de las diferentes intrusiones graníticas que conforman el batolito de los 
Montes de Toledo, sino que también se centra en el estudio petrogenético de todo el batolito. Por ello, 
el manuscrito abarca el estudio sobre la naturaleza de las rocas fuente, de las condiciones y procesos 
genéticos de estos fundidos graníticos, sus condiciones de emplazamiento y edades de cristalización, 
junto con modelos de fusión parcial y cristalización fraccionada para explicar la variabilidad 
geoquímica encontrada. Las principales herramientas seguidas para la obtención de dichos objetivos 
han sido las siguientes:  
i) Cartografía detallada y muestreo de las distintas unidades intrusivas del sector occidental y varias 
unidades principales del sector oriental del batolito de los Montes de Toledo. 
ii) Caracterización petrográfica y química mineral (elementos mayores via EPMA y elementos trazas 
via LA–ICP-MS) de los distintos cuerpos plutónicos.  
iii) Geoquímica de mayores y trazas, así como isotópica (Sr, Nd, Pb) de las distintas facies graníticas 
que conforman los plutones estudiados. Con ello, se obtiene información sobre la evolución 
geoquímica seguida por las distintas unidades intrusivas, así como sobre las rocas fuente que 
dieron lugar a estos fundidos graníticos. 
iv) Datación química de monacita (EPMA) y geocronología U–Pb (Th) en circón (LA–ICP-MS) para 
establecer la edad de diversas intrusiones graníticas y evaluar la posible edad de los procesos de 
fusión parcial. 
v) Caracterización isotópica de Hf en circones (LA–ICP-MS) de las diversas unidades graníticas de 
edad U–Pb conocida, tanto en circones magmáticos como heredados, para realizar un estudio 
petrogenético del batolito. La combinación de la composición geoquímica e isotópica de roca total 
con la composición isotópica de circón permite definir las áreas-fuente. Para ello, se ha realizado 
también un estudio isotópico de U–Pb y Lu–Hf en circones detríticos de diversas secuencias 
metasedimentarias de la Zona Centro-Ibérica. 
vi) Síntesis y comparación con batolitos peralumínicos del Cinturón Varisco Ibérico. 
 
I.3.- Antecedentes 
Los trabajos de investigación realizados anteriormente sobre los granitos de los Montes de Toledo son 
relativamente escasos. La mayoría de los trabajos están centrados mayoritariamente en el denominado 
Complejo Anatéctico de Toledo (CAT), situado en la zona norte del segmento oriental del batolito de 




de estudio de esta tesis doctoral, se han realizado comparaciones geoquímicas e isotópicas con algunas 
de sus unidades graníticas afines (p.e., granodioritas de Layos) y metamórficas (migmatitas 
metasedimentarias y ortogneises), por lo que se ha creído conveniente mencionarlo en este apartado. 
San José et al. (2011) y Merten (2012) realizan un compendio sobre los trabajos realizados en los 
Montes de Toledo y alrededores, en homenaje al itinerario geológico realizado por Hernández-
Pacheco (1912), describiendo diversos afloramientos sedimentarios, metamórficos y graníticos desde 
Toledo a Urda (abarcando parte de la zona más oriental del batolito de los Montes de Toledo). Según 
las memorias geológicas del Instituto Geológico y Minero de España (IGME, 2009c, d, e) y la 
recopilación de Merten (2012), los trabajos en el CAT datan del siglo XIX. Sin embargo, los trabajos 
cartográficos y geoquímicos más recientes del área, algunos de los cuales se han empleado para su 
comparación en este estudio, son los realizados por Andonaegui y Villaseca (1988), Barbero y 
Villaseca (1988, 1989, 1992, 1996), Barbero (1989, 1991, 1992a, b, 1995, 2004), Andonaegui (1990), 
Aparicio et al. (1990), Hernández Enrile (1991), Barbero et al. (1990, 1994, 1995, 2005), Barbero y 
Rogers (1999), Villaseca et al (1998b, 2005a), y más recientemente, los trabajos micro-analíticos (U–
Pb y Hf en circón) de Bea et al. (2006), Castiñeiras et al (2008) y Villaseca et al. (2011b). 
Los trabajos realizados en los granitoides peralumínicos del batolito de los Montes de Toledo no 
son tan abundantes, aunque también son amplios. Los primeros estudios se realizan en la parte oriental 
del batolito, en el plutón granítico subyacente al CAT y separado de él por la Falla Normal de Toledo 
(y la Banda Milonítica de Toledo; p.e., Aparicio, 1970, 1971), por Prado (1855), Hernández-Pacheco 
(1911, 1912) y Gómez de Llarena (1916), pero no es hasta a mediados del siglo XX donde se publican 
trabajos cartográficos y petrográficos más detallados, como son los de Kindelan y Duany y Cantos 
Figuerola (1951), Alía (1954) y Merten (1955a, b). Posteriormente a éstos, se realizaron trabajos más 
amplios, con estudios gravimétricos, geofísicos y estructurales, tales como los encontrados en Santa 
Teresa (1982), Santa Teresa et al. (1983), Casquet et al. (1988), y Bergamín et al. (1988). Los estudios 
geoquímicos e isotópicos más detallados son los trabajos de Aparicio et al. (1977), Andonaegui 
(1990), Barbero (1992b), Barbero et al. (2005) o Villaseca et al. (2005a), aunque estos dos últimos se 
centran en las huellas de fisión de apatitos y en las mineralizaciones de Pb-Zn, respectivamente, del E-
BMT. Es importante señalar los estudios geológicos realizados por el Instituto Tecnológico 
GeoMinero de España (ITGE, 1989b, 1990) y los mapas geológicos a escala 1:50 000 del Instituto 
Geológico y Minero de España (IGME, 2009c, d, e). Andonaegui (1990) realiza su tesis doctoral 
centrándose en el CAT y en la parte oriental del batolito de los Montes de Toledo (plutón de Mora-
Gálvez), realizando una caracterización petrográfica, geoquímica y de química mineral exhaustiva. En 
este trabajo se realiza también un estudio termobarométrico de las unidades intrusivas de acuerdo a 
distintos geotermómetros y geobarómetros de pares minerales. Además, Andonaegui (1990) realiza 
una datación preliminar de la parte oriental del batolito, aportando una isocrona Rb-Sr en base a roca 
total de 320 ± 8 Ma. Este plutón ha recibido numerosas denominaciones (Granito de Orgaz y de 
Ventas con Peña Aguilera, por Prado, 1855; batolito de Orgaz, por San José, 1983; Granito de Orgaz, 
por Santa Teresa et al., 1983; Plutón de Mora-Gálvez, por Andonaegui, 1990; granodiorita de Orgaz, 
por Hernández Enrile, 1991; batolito de Mora, por Barbero et al., 2005; plutón de Mora, por Villaseca 
Capítulo I.- Introducción 
 
 38 
et al., 2005a). En este trabajo se ha optado por el nombre de plutón de Mora-Las Ventas (al igual que 
en Barbero, 1992b), el cual queda englobado junto con el plutón de Madridejos, situado más al este 
(Fig 2), dentro del E-BMT. Es importante resaltar el estudio sísmico realizado por Martínez Poyatos et 
al. (2012), en el cual se presenta un perfil de reflexión de sísmica profunda a lo largo de la Zona 
Centro-Ibérica (ZCI) hasta el batolito de Mora-Las Ventas. En este estudio, se puede observar el límite 
en profundidad entre el CAT y el batolito de Mora-Las Ventas, y de éste último con los sedimentos 
Peleozoicos limítrofes al sur. La primera estructura geológica corresponde a la falla de Toledo, 
interpretada como un despegue buzando hacia el sur y subhorizontal más en profundidad (~6.5 km). 
Este estudio estima que la base de plutón de Mora-Las Ventas se encuentra a unos 5 km de 
profundidad. Otro punto importante de este artículo es la interpretación de la estructura de la corteza 
inferior por debajo del CAT y del E-BMT. Martínez Poyatos et al. (2012) proponen dos modelos 
corticales en el área, uno de ellos involucrando la penetración de la corteza inferior en el manto, pero 
ambos mostrando la superposición de la corteza inferior del area septentrional de la ZCI (N-ZCI) 
sobre la del dominio meridional (S-ZCI) a través de una superficie de fractura en forma de plano-
rampa-plano, la cual estaría de acuerdo con el límite propuesto por Villaseca et al. (2014) entre ambas 
cuencas de la ZCI. 
Los estudios geológicos son más escasos con respecto a los granitoides del sector occidental del 
batolito (W-BMT). Esta parte occidental incluye a los plutones de Belvís de Monroy, Navalmoral de 
la Mata, Peraleda de Sán Román (denominado “macizo de Berrocalejo” por IGME, 1985a), Torrico 
(denominado “granito porfídico tipo Lagartera” por IGME, 2006b), Oropesa (denominado “granito 
porfídico tipo Navalmoral” y “Navalmoral matoso” por IGME, 2006b), Valdeverdeja, Villar del 
Pedroso (denominado “granito de La Estrella” por ITGE, 1989a), Puente del Arzobispo (no 
diferenciado anteriormente en la bibliografía), Aldeanueva de Barbarroya (denominado “granitoides 
postcinemáticos de la serie II por Andonaegui y Barrera, 1984), y Azután (denominadas “migmatitas 
de Azután” por ITGE, 1989a, y “granitoides sincinemáticos de la serie I” por Andonaegui y Barrera, 
1984). No se han estudiado en este trabajo los plutones localizados entre las localidades de Alcaudete 
de la Jara y Villarejo de Montalbán (Cáceres), algunos de los cuales presentan características similares 
a los encontrados en el W-BMT, aunque se puede encontrar información geoquímica y petrológica de 
los granitoides que los componen en IGME (2009b) y más recientemente, en el proyecto de máster de 
Errandonea (2013). Los primeros estudios generales de los granitoides del W-MTB son los realizados 
por Hernández Pacheco (1950, 1953) sobre la fisiología y geología de la región de Campo Arañuelo, 
que posteriormente se completarían con los estudios cartográficos y petrográficos de Cañada Guerrero 
(1958, 1962), Monteserín López y Pérez Rojas (1985, 1987), IGME (1985a, b, 1987, 2006a, b, 2009a) 
e ITGE (1989a), algunos de ellos con datos geoquímicos. Uno de los trabajos más detallados sobre 
algunos de los granitoides del W-BMT, junto con las memorias del IGME e ITGE anteriormente 
mencionadas, se puede encontrar en Andonaegui y Barrera (1984), el cual se centra principalmente en 
los granitoides peralumínicos con andalucita, silimanita, cordierita, etc. del sector de Valdeverdeja-




de Andonaegui y Barrera, 1984). Cabe mencionar los estudios generales del campo pegmatítico 
asociado al plutón de Belvís de Monroy de Sánchez Muñoz (1992). 
Los estudios geoquímicos y geocronológicos detallados del batolito de los Montes de Toledo se 
han realizado durante la elaboración de esta Tesis Doctoral dentro del grupo de investigación 
“Magmatismo y mineralizaciones en la Zona Centro-Ibérica Hercínica” del Departamento de 
Petrología y Geoquímica de la Facultad de CC. Geológicas (UCM), en el cual he participado 
activamente hasta este momento. Merino (2008) realiza su trabajo fin de máster en los granitos del 
sector más occidental del BMT, aportando un estudio petrográfico, geoquímico y químico-
mineralógico detallado de varias unidades intrusivas de los plutones de Belvís de Monroy, Peraleda de 
San Román y Aldeanueva de Barbarroya (Fig. 2). Algunos de estos datos, junto con otros datos 
geoquímicos e isotópicos inéditos, son ampliamente estudiados en los trabajos de Merino et al. (2008) 
y Villaseca et al. (2008b), en los cuales se realiza un estudio petrológico exhaustivo de varias 
intrusiones graníticas de W-BMT, comparándolas a su vez con las unidades del E-BMT. En estos 
estudios se examinan las condiciones de emplazamiento de los plutones graníticos del W-BMT en 
base a la estabilidad de los polimorfos de silicato alumínico (andalucita y silimanita), y se sugiere por 
primera vez la participación de fuentes corticales diferentes para ambos sectores del batolito de los 
Montes de Toledo, debido a las diferencias geoquímicas e isotópicas encontradas. Merino et al. (2010) 
cita por primera vez la extraña presencia de gahnita y crisoberilo en uno de los plutones más 
fraccionados del BMT (el plutón de Belvís de Monroy). Esta intrusión leucogranítica fue estudiada 
más en detalle por Merino et al. (2013a), sugiriendo las condiciones de cristalización de esta 
asociación mineral tan poco frecuente compuesta por gahnita + crisoberilo y berilo + crisoberilo, 
nunca encontrada antes en granitos. Orejana et al. (2012a) realizan un estudio geocronológico 
detallado de algunas intrusiones del BMT en base a datación química U–Th–Pb en monacita, 
revelando la preservación de cristales de monacita después de procesos de fusión parcial. Todos los 
datos geoquímicos e isotópicos de roca total, junto con los resultados isotópicos (U–Pb, Lu–Hf) 
obtenidos en circón, son recapitulados en el trabajo de Merino Martínez et al. (2014), en el cual se 
realiza un estudio geocronológico preciso de las condiciones de cristalización del batolito y se sugiere 
claramente la participación de distintas fuentes (metasedimentarias y metaígneas) para la generación 
de las diferentes series peralumínicas encontradas en el batolito. Finalmente, es notable mencionar los 
trabajos de Pérez-Soba et al. (2009, 2014), en los cuales se realiza una descripción textural y química 
de fases accesorias comunes ricas en Y–REE (circón, monacite, xenotima) en varios granitos del W-
BMT. En la última contribución, se puede encontrar una completa descripción de estas fases minerales 









La metodología empleada en esta investigación ha sido la siguiente: 
1. Estudio detallado de los materiales graníticos y definición cartográfica de las principales unidades 
intrusivas de casi la decena de plutones que conforman el sector más occidental del batolito: Belvís de 
Monroy, Navalmoral de la Mata, Peraleda de San Román, Torrico, Oropesa, Valdeverdeja, Villar del 
Pedroso, Aldeanueva de Barbarroya y Azután (Fig. 2; (Figuras i y ii del Apéndice).  
2.  Caracterización petrográfica y estudio detallado de la química mineral tanto de las fases 
fundamentales como de los minerales accesorios. Se han estudiado alrededor de 600 estaciones, 
caracterizando petrográficamente las muestras graníticas tomadas tanto en visu como al microscopio. 
La química mineral ha servido para precisar en lo posible las condiciones termobárométricas de 
cristalización de los plutones graníticos. Se han realizado también análisis de elementos traza (por 
LA–ICP-MS) para estudiar la evolución de la composición química según el grado de fraccionamiento 
del magma granítico. 
3. Estudio de geoquímica de roca total de las distintas facies graníticas. Un determinado número de 
muestras representativas de cada plutón fue elegido para su caracterización geoquímica. La 
geoquímica se ha hecho en base no sólo a elementos mayoritarios y trazas, sino que también se han 
realizado análisis isotópicos en varios sistemas (Rb–Sr, Sm–Nd, Pb–Pb). Estos datos son básicos para 
estudiar la petrogénesis de los granitoides. Se han muestreado algunos materiales encajantes 
metamórficos del área central española para discutir la naturaleza de las posibles fuentes que 
generaron los cuerpos graníticos. 
4. Separación mineral de las fases accesorias (circón y monacita) y su uso en geocronología U–Pb 
según diversas microanalíticas: i) datación U–Th–Pb en concentrados de monacita por microsonda 
electrónica (EPMA); ii) geocronología U–Pb en cristales separados de circón vía ablación láser con 
plasma acoplado inductivamente a un espectrómetro de masas (LA–ICP-MS). Con ello, se ha dado a 
conocer no sólo la cronología absoluta de estos plutones, que carecían de datos geocronológicos 
previos, sino también las edades de las herencias conservadas en los cristales de circón con el fin de 
evaluar la participación de los diversos protolitos del sector (metasedimentos, ortogneises, materiales 
de derivación mantélica...) en su génesis. 
5. Técnicas isotópicas micro-analíticas (isótopos de Lu–Hf) en cristales de circón datados por LA–
ICP-MS para evaluar composiciones de los materiales fuente o la posible mezcla de reservorios 








Geoquímica de Roca Total 
Alrededor de 350 muestras fueron recogidas para la caracterización petrográfica de las distintas 
unidades intrusivas (cuerpos graníticos y diques) de la parte occidental del batolito de los Montes de 
Toledo. 30 muestras representativas fueron seleccionadas para análisis de roca total (alrededor de 8–10 
kg por muestra). En cuanto a la parte oriental del batolito, se tomaron 24 muestras para su análisis 
petrográfico y únicamente dos de ellas fueron seleccionadas para análisis de roca total, ya que se 
disponía de un gran número de análisis químicos previos, tanto en roca total como en minerales, de la 
tesis doctoral de la Dra. Pilar Andonaegui (1990). La situación de las muestras seleccionadas para 
análisis químico de roca total se detalla en la Figura i del Apéndice. 
El material analizado se procesó siguiendo las técnicas comunes de laboratorio. Previamente a 
su trituración, todo el material se limpió de posibles estructuras orgánicas (líquenes) e impurezas. Las 
muestras fueron trituradas separadamente en un molino de mandíbulas, seguido por una molienda en 
un molino de discos y, finalmente, en un molino de ágata. Un último proceso de tamizado se llevó a 
cabo con el fin de evitar posibles tamaños de grano superiores a 0.3 mm. 
Todos los análisis de roca total (elementos mayores y traza, exceptuando el F y el Li) se 
realizaron en los laboratorios ACTLABS (Ancaster, Ontario, Canadá). Las muestras fueron fundidas 
usando un flujo de LiBO2 y disueltas con HNO3. Las soluciones fueron analizadas mediante un plasma 
acoplado inductivamente a un espectrómetro de masas (ICP-MS). Las incertidumbres de los elementos 
principales se encuentran comprendidas entre el 1 y el 3% relativo, exceptuando el MnO (5–10%). La 
precisión de los análisis en bajos niveles de concentración  fue evaluada mediante repetición de 
análisis de los estándares internacionales BR, DR-N, UB-N, AN-G y GH. 
 La precisión para los elementos Rb, Sr, Zr, Y, V, Hf, y la mayoría de las tierras raras (REE) se 
encuentra entre el 1 y el 5%, y entre 5 y 10% para el resto de elementos traza. Algunas muestras 
presentan concentraciones de diversos elementos por debajo de los límites de detección (V: 5 ppm, Cr: 
20 ppm, Sc: 1 ppm, Co: 10 ppm, Cu: 10 ppm, As: 5 ppm, Sb: 0.2 ppm, y Bi: 0.1 ppm), y la mayoría de 
los ellas presentan Ni < 20 ppm, Mo < 2 ppm, Ag < 0.5 ppm, e In < 0.1 ppm. Para una mayor 
información sobre el procedimiento, la precisión y la exactitud del método, consultar 
www.actlabs.com. 
Los contenidos en F y Li de diversas muestras fueron determinados en los laboratorios del 
Instituto Geológico y Minero de España (IGME). El flúor fue extraído por pirohidrólisis y la 
abundancia de dicho elemento fue determinada por métodos espectroscópicos. Una vez digerida la 
muestra con HF–HNO3–HClO4, el litio fue determinado espectrofotometría de absorción atómica. Se 
determina un error analítico de ± 10%. 
Los análisis isotópicos de Sr–Nd en roca total fueron realizados en el CAI de Geocronología y 
Geoquímica Isotópica de la Universidad Complutense de Madrid, empleando un espectrómetro de 
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masas multicolector de ionización termal automatizado modelo VG Sector 54. Los datos analíticos se 
adquirieron en modo multidinámico. Los procedimientos analíticos usados en dicho laboratorio se 
encuentran descritos en Reyes et al. (1997). Los análisis repetidos del estándar NBS 987 dieron 
87Sr/86Sr = 0.710234 ± 30 (2σ, n = 12), y para el estándar JM Nd se obtuvieron los valores 143Nd/144Nd 
= 0.511854 ± 3 (2σ, n = 63). El error 2σ para el cálculo de ƐNd es de ± 0.3. Los resultados de los 
análisis de roca total se muestran en las Tabla 2. 
Uns muestra de roca total (del sector oriental del BMT) y tres separados de feldespato potásico 
de granitos peralumínicos (uno del W-BMT y dos del Sistema Central Español) fueron seleccionados 
para análisis isotópicos de Pb, los cuales fueron realizados por la Dra. Cecilia Pérez-Soba en el Museo 
de Historia Natural de Suecia (Estocolmo), empleando un TIMS modelo Finnigan MAT 261 con 
detector multicolector. Las muestras fueron disueltas con HF y HNO3 y para su análisis se empleó el 
método de dilución isotópica con la adición de 205Pb como isótopo trazador. El plomo fue separado 
empleando columnas de intercambio catiónico. Los estándares NBS 981 y 982 se usaron para evaluar 
el fraccionamiento isotópico y la precisión instrumental, encontrándose esta última alrededor de un 0.1 
% de las relaciones isotópicas. Análisis repetidos del estándar internacional BCR-1 fueron usados para 
determinar la exactitud de las medidas. Los análisis isotópicos de Pb se muestran en la Tabla 3. 
 
Química Mineral 
Los análisis químicos minerales se realizaron en láminas delgadas y gruesas de las diversas muestras 
graníticas, tanto en microsonda electrónica (EPMA) como en LA–ICP-MS. Se realizaron unos 2900 
análisis puntuales de minerales por EPMA y alrededor de 1050 análisis por LA–ICP-MS. La 
elaboración de las láminas delgadas y gruesas de las diversas muestras fue llevada a cabo por el 
personal técnico del taller de técnicas petrográficas del departamento de Petrología y Geoquímica de la 
Facultad de CC. Geológicas (Universidad Complutense de Madrid, UCM). La situación de las 
muestras seleccionadas para análisis químico mineral se detalla en la Figura i del Apéndice. El 
procedimiento de elaboración de láminas delgadas para su estudio petrográfico se detalla a 
continuación. 
A partir de las muestras de roca granítica, se cortan las rocas en prismas rectangulares (tacos) de 
dimensión aproximada 4 x 3 x 1cm, empleando una cortadora de disco adiamantado y refrigerado por 
agua para evitar posibles cambios físico-químicos de los minerales. 
Para poder observar la muestra mediante un microscopio petrográfico, se necesita realizar un 
desbastado de la muestra hasta conseguir un grosor final aproximado del taco inicial de unas 33 
micras. La desbastación inicial se realiza de manera manual y, posteriormente, mecánica. Los tacos 
iniciales obtenidos se desbastan manualmente por una de las caras utilizando polvo de carburo de 
silicio de diferentes texturas de grano, dependiendo del grado de pulido (desde grado 100 a 1000), 




Los tacos se pegan por el lado desbastado a un portaobjetos mediante resina epoxi ejerciendo un 
grado de presión, y se calientan en una plancha durante unos minutos para su mejor fijación y evitar 
problemas de adherencia. Una vez fijados los tacos, se realiza un desbastado mecánico mediante una 
sierra diamantada, cortando primero el taco a un espesor de 1 mm, y posteriormente se rectifica 
mediante un segundo corte para reducir la lámina a 300 µm. 
Las láminas delgadas se reducen a un espesor final de 33 µm (100 µm en láminas gruesas) en la 
máquina desbastadora sometiéndolas a una abrasión programada, o empleando nuevamente carburo de 
silicio, controlando periódicamente el espesor de éstas. Las láminas se terminan de pulir empleando 
abrasivos muy finos (óxido de aluminio de tamaño de partícula 0.005 µm). 
Para facilitar la identificación de los distintos tipos de feldespatos (feldespato potásico-
plagioclasa), se realiza una tinción de las láminas delgadas con cobaltinitrito sódico. A partir de dicha 
tinción superficial, los feldespatos potásicos adquieren un color amarillento característico, mientras 
que las plagioclasas no reaccionan con la solución, por lo que mantienen sus características 
petrográficas iniciales. 
  
Elementos mayores (EPMA) 
Los análisis químicos de elementos mayores de los minerales pertenecientes a las diversas rocas 
plutónicas se han realizado a partir de las láminas delgadas representativas de cada unidad intrusiva, 
pulidas y metalizadas con grafito, en microsonda electrónica, modelo JEOL JXA-8900 M con cuatro 
analizadores WDS, en el Centro de Nacional Microscopía Electrónica  Luis Bru de la UCM (España). 
La mayoría de los análisis fueron obtenidos por Enrique Merino Martínez, aunque en este documento 
se muestran también resultados obtenidos por la Dra. Cecilia Pérez-Soba.  Las condiciones de medida 
fueron: aceleración de voltaje de 15 Kv; 20 ηA de corriente del haz; diámetro del haz de 5 µm; tiempo 
de medida de cada elemento de 10 s para el pico, y de 5 s para el fondo. Las correcciones se realizaron 
a partir del método ZAF. 
Los elementos analizados con la microsonda electrónica son: Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, 
P, Zn, Cr y Ni, expresados como óxidos, analizándose también otros elementos, tales como el Cl y el 
F. Las fórmulas estructurales han sido calculadas a partir del porcentaje de óxido en base al número de 
oxígenos para cada mineral. Los resultados de los análisis minerales y los cálculos de sus fórmulas 
estructurales se expresan en las diferentes hojas de la Tabla Suplementaria I del DVD. 
 
Elementos traza (LA–ICP-MS) 
Los análisis de elementos traza de minerales principales y accesorios de los granitoides del BMT 
fueron realizados in situ en láminas gruesas (~100 µm) de muestras seleccionadas mediante ablación 
láser acoplada a un ICP-MS en el Museo de Historia Natural de Londres (The Natural History 
Museum, London), empleando un ICP-MS modelo Agilent 7500cs acoplado a una fuente láser ESI 
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New Wave UP193FX (láser de ArF de pulso corto de 193 nm de ancho). La mayoría de la analítica 
fue realizada por Enrique Merino Martínez, aunque la Dra. Cecilia Pérez-Soba también realizó análisis 
de elementos traza en algunos minerales del plutón de Belvís de Monroy. Ambas estancias y la 
analítica fueron totalmente financiadas por becas Synthesys Europeas. En determinadas muestras, 
algunos minerales (p.e., berilo) fueron analizados en láminas delgadas (33 µm de profundidad). En 
dichos casos, sin embargo, el tiempo de análisis fue suficiente para la detección y adquisición de 
cuentas de elementos traza fiables. Durante el tiempo de resolución de los análisis minerales, se 
detectó la contaminación por inclusiones, fracturas y zonas de diferente composición a partir de la 
monitorización de algunos elementos, integrando únicamente la parte relevante de la señal. El tiempo 
de cada análisis fue típicamente de 90 s (36 s de medición del gas “blanco” para establecer el fondo, y 
54 s para el resto del análisis). La tasa de repetición del láser 10 Hz, con una fluencia de 
aproximadamente 3 J·cm -2. El tamaño del punto varió entre 25 y 50 micras de diámetro, aunque 
comúnmente se utilizó una abertura de 30 micras. Los estándares NIST 612 y BCR-2G fueron 
utilizados para calibrar la sensibilidad del elemento relativo y para determinar la exactitud. Cada 
análisis se normalizó a SiO2 (feldespato potásico, plagioclasa, moscovita, biotita, cordierita y berilo) o 
Al2O3 (crisoberilo y gahnita), usando las concentraciones determinadas por microsonda electrónica en 
los diferentes minerales analizados. La precisión se estima entre el 2% y el 8% para la mayor parte de 
los elementos traza analizados. En general, la precisión es mayor del 86% para la mayoría de los 
elementos, aunque algunos de ellos (B y Be) muestran inexactitudes un poco más grandes. Los 
resultados se muestran en la Tabla Suplementaria II del DVD.      
Los análisis de elementos traza vía LA–ICP-MS de circones separados de muestras 
seleccionadas del batolito fueron obtenidos por el Dr. Carlos Villaseca vía LA–MC–ICP-MS en los 
laboratorios GEMOC (Sydney, Australia), a partir de un New Wave 266 con fuente láser acoplada a 
un sistema 7500 ICP-MS Agilent. Los análisis se llevaron a cabo con un haz de 266 nm con una 
frecuencia de pulso de 5 Hz y una energía de 1 mJ/pulso, produciendo una resolución espacial de 30–
50 µm. El vidrio NIST-610 se usó como estándar de calibración externa. Cada análisis fue 
normalizado a SiO2 usando las concentraciones determinadas por microsonda electrónica en los 
diferentes cristales de circón. La precisión y exactitud de los análisis del NIST-610 es de 2–5% para 
las REE, Y, Nb, Hf, Ta, Th y U a nivel de concentración de ppm, y del 8 al 10% para el resto de los 
elementos traza analizados. Los análisis obtenidos en circón se muestran en la Tabla Suplementaria II 
del DVD.      
 
Geocronología 
Los análisis geocronológicos se llevaron a cabo tanto en cristales de monacita como de circón, 
empleando dos técnicas micropuntuales distintas. Para la datación de monacita, se utilizó el método de 
de datación química U–Th–Pb a partir de microsonda electrónica (EPMA). En cambio, la datación de 
los cristales de circón se llevó a cabo mediante geocronología U–Pb (Th) vía LA–ICP-MS. Ambas 




Los cristales de monacita y de circón fueron concentrados y montados por Enrique Merino 
Martínez en los laboratorios de técnicas petrográficas del Departamento de Petrología y Geoquímica 
de la Facultad de CC. Geológicas (UCM), empleando técnicas de separación convencionales. Una vez 
trituradas, molidas y tamizadas las muestras, el polvo de roca se procesó en una mesa de separación 
gravitacional Wilfley. Los cristales de monacita y circón fueron concentrados mediante el uso de 
líquidos densos y, finalmente, con un separador magnético Frantz. La separación y concentración final 
fue realizada mediante elección manual de los cristales bajo un microscopio binocular. Los 
concentrados minerales fueron montados en una doble cinta adhesiva y posteriormente fijados en 
resina Epoxy. 
Las probetas de resina finales fueron pulidas empleando abrasivos muy finos (polvo de alúmina 
de 0.03 y 0.005 µm) para evitar impurezas o imperfecciones en la superficie, y para hacer aflorar los 
núcleos de los concentrados minerales para identificar estructuras internas, zonados, inclusiones, 
fracturas u otros defectos cristalinos en imágenes de electrones retrodispersados en microsonda 
electrónica (EPMA). 
 
Datación química U–Th–Pb de monacita (EPMA) 
Los elementos mayores y menores medidos en los cristales seleccionados de monacita fueron 
obtenidos por Enrique Merino Martínez en la microsonda electrónica modelo CAMECA SX-100 de 
los laboratorios del Centro Científico-Tecnológico de “El Cristo” de la Universidad de Oviedo 
(España). El procedimiento analítico empleado fue el siguiente: aceleración de voltaje de 25 kV, una 
corriente del haz de 100 ηA para el P, Al, Si, Ca, Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, e Yb, y 
de 200 ηA para el Pb, Th y U; tiempo de medida de cada elemento de (pico + fondo) de 600 s para el 
Pb, 360 s para el U y el Th, y de 120 s para el resto de elementos. De acuerdo con este procedimiento, 
el límite de detección (2σ) calculado para el U y el Pb es de 150 ppm, por lo que se toma este valor 
como el error absoluto. Se asume un error sistemático relativo del 2% para el Th, y también para el U 
cuando sus concentraciones son superiores a 7500 ppm para evitar errores poco realistas en cristales 
enriquecidos en U. 
Los estándares empleados fueron crocoita (PbCrO4) para el Pb, uraninita (UO2) para el U, 
torianita (ThO2) para el Th, miembros extremos de fosfatos sintéticos (XPO4) para cada tierra rara 
(REE) y Y, apatito para el P y el Ca, y granate para el Si y el Al. 
El tratamiento de cada análisis individual y los cálculos promedios de edad mediante isocrona 
fueron realizados empleando el programa EPMA dating (Pommier et al., 2002), un complemento de 
Excel para determinar edades U–Th–Pbtotal a partir de las medidas tomadas por microsonda. Este 
programa sigue el método de Cocherie y Albarède (2001), proporcionando una edad determinada para 
cada análisis individual y todos los parámetros necesarios para calcular edades promedio y de 
intercepción. Estos parámetros fueron ploteados empleando el programa ISOPLOT (Ludwig, 2003) 
para obtener estadísticas correctas a partir de los diagramas adecuados. 
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El programa EPMA dating permite el cálculo de (1) edades promedio y errores a partir de la 
pendiente del diagrama Pb vs Th* (Suzuki y Adachi, 1991), (2) la edad U–Th–Pb en el centroide de la 
mejor línea de ajuste, y (3) las edades de intercepción Th–Pb y U–Pb a partir de los diagramas Th/Pb 
vs U/Pb. Todas las edades están dadas con sus errores absolutos, y los cálculos se realizaron al nivel 
2σ. La intercepción de la línea de regresión con el eje del Pb en el diagrama Pb vs Th* no tiene 
significado en términos de Pb común o de pérdidas de Pb, pero puede dar lugar a cálculos erráticos de 
la pendiente cuando los puntos están agrupados en un campo limitado del gráfico. Por ello, se forzó la 
línea de regresión hacia el origen con el objetivo de evitar estos errores, tal como propone Cocherie et 
al. (1998). 
Algunos análisis no fueron empleados en los cálculos. El criterio seguido para la exclusión de 
determinados análisis fue el siguiente: i) que la cantidad total de los óxidos medidos por microsonda 
fuese inferior a 97% o superior a 103%, ya que no eran coherentes con la fórmula estructural de la 
monacita; ii) que las edades individuales no fuesen equivalentes al valor promedio dentro del error 
analítico. Además, los análisis con U por debajo del límite de detección (lo que implicaría errores 2σ 
de U/Pb del 100%) no fueron considerados en los cálculos al emplear el diagrama Th/Pb vs U/Pb. Los 
resultados se muestran en la Tabla 13.  
 
Geocronología U–Pb (Th) en circón (LA–ICP-MS) 
La datación U–Pb en circón de la mayoría de las muestras graníticas, exceptuando la muestra 106821, 
fue realizada por el Dr. Carlos Villaseca en los laboratorios GEMOC (Sydney, Australia) empleando 
un ICP-MS modelo Agilent 7500S acoplado a un láser modelo Merchantek 213 nm New Wave 
Nd:YAG. La frecuencia del haz incidente fue de 5 Hz, y el tamaño del punto entre 30 y 50 µm. El 
procedimiento analítico se describe en detalle en Belousova et al. (2001) y en Jackson et al. (2004). La 
adquisición de la señal fue grabada en función del tiempo (profundidad de ablación). Cada análisis 
tenía una duración de unos 3 min, consistiendo en 60 s de medida del fondo seguido de la ablación 
(120 s). Los datos eran adquiridos a partir de cinco isótopos (206Pb, 207Pb, 208Pb, 232Th y 238U) 
empleando el software de adquisición de datos con resolución temporal para cada análisis. Dado que el 
LA–ICP-MS no medía el 204Pb, se aplicó el método de Andersen (2002) para la corrección del plomo 
común en los análisis discordantes. Esta corrección asume que las relaciones observadas de 206Pb/238U, 
207Pb/235U y 208Pb/232Th de un circón discordante reflejan la combinación de plomo común y pérdida de 
plomo en un tiempo definido, y resuelve la ecuación de balance de masas resultante. No se aplicó 
ninguna corrección para los análisis concordantes dentro de los errores analíticos 2σ en las relaciones 
206Pb/238U y 207Pb/235U. La discriminación de cada masa en el espectrómetro de masas y el 
fraccionamiento residual de cada elemento se corrigió por calibración contra un estándar homogéneo 
de circón (GEMOC GJ-1, con una edad de 609 Ma). Los análisis fueron realizados en series de 16 
análisis los cuales incluían 12 análisis de “incógnitas” (unknowns) entre 2 análisis del estándar tanto al 
principio como al final de la serie. Las “incógnitas” incluían dos circones de referencia casi 




analizaban antes de las muestras de estudio y eran empleados como control independiente de la 
reproducibilidad y estabilidad del instrumento analítico. La precisión de la técnica LA–ICP-MS se 
discute en detalle en Jackson et al. (2004). Las relaciones isotópicas se calcularon a partir de las 
señales de fondo substraídas de sus isótopos correspondientes. Las incertidumbres de estas relaciones 
combinaban la incertidumbre de la señal y del fondo que surge de las estadísticas de conteo. El mismo 
error de propagación fue usado para los estándares y las “incógnitas”. Las relaciones isotópicas  de los 
estándares se interpolaron entre medidas de las “incógnitas”. Este procedimiento permite la 
propagación de las incertidumbres de las medidas de relaciones isotópicas en los estándares a cada 
medida de las relaciones isotópicas de los análisis incógnita. Estas incertidumbres relativas se 
combinaron con las de las incógnitas. Además, el 1% de incertidumbre (1σ) se asignó a las relaciones 
isotópicas de los estándares y se propagó a través de los errores analíticos. Este procedimiento asegura 
que las incertidumbres analíticas presentadas son estimaciones conservadoras (máxima probabilidad). 
Las edades U–Pb se calcularon a partir de las señales en bruto utilizando el programa GLITTER 
(www.es.mq.edu.au/GEMOC; Van Achterbergh et al., 2001), versión 4.4. Este software calcula las 
relaciones isotópicas relevantes para cada barrido de masas, integrando una porción de señal 
isotópicamente homogénea. La calibración para cada segmento de tiempo seleccionado de la muestra 
contra segmentos de tiempos idénticos de análisis del circón estándar (GJ) permite la corrección del 
fraccionamiento isotópico relacionado con la ablación y el sesgo de masas instrumentales. 
La composición isotópica U–Pb de circón de la muestra 106821 (granodiorita de Azután) y de 
circones de rocas metasedimentarias de la ZCI (n = 8, cinco de la S-ZCI y tres de la N-ZCI) fueron 
analizados por Enrique Merino Martínez mediante ablación láser con plasma acoplado inductivamente 
a un espectrómetro de masas (LAM–ICP-MS) empleando un Nu Plasma HR multicolector ICP-MS y 
un láser modelo New Wave/Merchantek LUV-213 en el Departamento de Geociencias de la 
Universidad de Oslo (Insitüt für Geofag, Universitetet i Oslo, Noruega). El espectrómetro de masas 
estaba equipado con un bloque colector que permitía medidas simultáneas de las masas 204, 206 y 207 
en contadores de iones, y 238 en un colector Faraday. Las ablaciones fueron realizadas en helio, y la 
mezcla He-aerosol se mezclaba con argón antes de entrar en el plasma. El protocolo analítico se 
describe en Rosa et al. (2009). El 235U se calculó a partir de la masa 238 empleando la relación natural 
238U/235U = 137.88. La contaminación de la masa 204 por 204Hg normalmente era de 1000 c.p.s., 
sustrayéndose de la masa de fondo medida antes de cada ablación. La señal de fondo corregida de la 
masa 204 fue utilizada para corregir el Pb común, usando las señales observadas de 204Pb y el 
promedio de la composición de plomo común dada por la curva de evolución de plomo común global 
de Stacey-Kramers para la edad 206Pb/238U sin corregir (Stacey y Kramers, 1975). Los circones de 
referencia fueron GJ-1 (609 ± 1 Ma; Belousova et al., 2006), 91500 (1065 ± 1 Ma; Wiedenbeck et al., 
1995), A382 (1876 ± 1 Ma; Patchett y Kouvo, 1986) y Temora-2 (417 ± 1 Ma; Black et al., 2003). 
Ochenta y siete análisis del estándar 91500 calibrado contra el Temora-2 dieron un promedio de edad 
de 1059 ± 4 Ma. La  precisión a largo plazo (> 2 años) es < 1% (2σ) para las relaciones 206Pb/238Pb y 
207Pb/206Pb. 
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La selección de edades de cristalización corresponden a edades 207Pb/235U para circones más 
antiguos de 1.0 Ga y edades 206Pb/238U para edades más jóvenes. Las edades de concordia y edades 
promedio ponderadas fueron calculadas empleando Isoplot Ex 3.0 (Ludwig, 2003). Los resultados 
isotópicos de U–Pb en circón de los granitoides del BMT vía LA–ICP-MS se detallan en la Tabla 13. 
 
Composición isotópica Lu–Hf de circón (LA–ICP-MS) 
La composición isotópica Lu–Hf de circones de la mayoría de las muestras del batolito, exceptuando 
la muestra 106821, fue adquirida in situ por el Dr. Carlos Villaseca empleando un láser Nd:YAG 
acoplado a un sistema Nu Plasma multicolector ICP-MS en los laboratorios GEMOC (Sydney, 
Australia). Cada análisis fue llevado a cabo con un diámetro de haz de 40 µm, una velocidad de 
repetición de 5 Hz, 60% de potencia de salida y alrededor de 2 J/cm2 de fluencia del haz. Los tiempos 
de ablación fueron de entre 100 y 200 s, creando fosos de 30–40 µm de profundidad. El gas portador 
de Ar trasporta la muestra ablacionada desde la celda de ablación láser a través de la cámara de mezcla 
hacia la antorcha del ICP-MS. Griffin et al. (2000, 2004) describen la metodología en detalle. Para 
evaluar la precisión y la exactitud de los resultados de ablación láser, y para testar la fiabilidad de los 
protocolos de corrección, se repitieron análisis de dos circones estándares: 91500 y Mud tank (MT). 
Estos circones de referencia dieron 176Hf/177Hf = 0.282310 ± 0.000049 (2σ) y 0.282502 ± 0.000044 
(2σ), respectivamente, valores idénticos a los valores promedio publicados en soluciones (0.282307 ± 
0.000058 (2σ) para el estándar 91500, y 0.282523 ± 0.000043 (2σ) para el MT; Woodhead y Hergt, 
2005). La incertidumbre 2σ del 176Lu/177Hf en análisis individuales es de ± 0.001–0.002% (alrededor 
de 1 unidad de epsilon), reflejando tanto las incertidumbres analíticas como la variación espacial del 
Lu–Hf a través de muchos circones. 
La composición isotópica Lu–Hf de los circones de la muestra 106821 (plutón de Azután) y de 
circones de rocas metasedimentarias de la ZCI (n = 8, cinco de la S-ZCI y tres de la N-ZCI) fueron 
analizados por Enrique Merino Martínez via LAM–ICP-MS, empleando un espectrómetro Nu Plasma 
HR multicolector ICP-MS y un láser New Wave LUV-213 en el Departamento de Geociencias de la 
Universidad de Oslo (Insitüt für Geofag, Universitetet i Oslo). Las masas 177 y 179 fueron medidas 
simultáneamente en colectores Faraday, usando el bloque colector del Nu Plasma. Las condiciones de 
ablación láser fueron: una apertura de 55–60 µm del punto estático, 5 Hz de frecuencia del pulso y 
alrededor de 2 J/cm2 de fluencia del haz. Cada ablación láser estaba precedida de 30 s de medida de la 
masa de fondo. La señal de Hf total obtenido estaba en el rango entre 1.5 y 4.0 V. Bajo estas 
condiciones, se requerían entre 120 y 150 s de ablación para obtener una precisión interna de ≤ ± 
0.000020 (1σ). Las relaciones isotópicas fueron calculadas usando el software de análisis de 
resolución temporal del Nu Plasma. Los datos en bruto fueron corregidos para discriminar las masas 
empleando una ley exponencial; el factor discriminador de masa para Hf (ƒHf) fue determinado 
asumiendo 179Hf/177Hf = 0.7325 (Patchett y Tatsumoto, 1980). Los estándares de referencia usados 
para la calibración de los análisis fueron Mud Tank (MT), Temora-2 y LV-11. Los valores promedio 




coinciden con los valores medios publicados (valores del estándar MT citados anteriormente, y valores 
promedio de 0.282669 ± 0.000058 para el Temora-2 y de 0.282824 ± 0.000080 para el LV-11; 
Heinonen et al., 2010) El protocolo empleado para la corrección de la interferencia del 176Lu y el 176Hf 
corregido se da en Andersen et al. (2009).  
Un valor de la constante de decaimiento del 176Lu de 1.865 x 10-11 a-1 fue usado para todos los 
cálculos (Scherer et al., 2001). Los valores empleados para el cálculo del ƐHf  y edades modelo 
fueron: 177Hf/176Hf = 0.282785 y 176Lu/177Hf = 0.0336 (Bouvier et al., 2008) para el condrito, y 
177Hf/176Hf = 0.28325 (ƐHf = +16.4) y 176Lu/177Hf = 0.0384 para el manto empobrecido (Griffin et al., 
2000). Las relaciones isotópicas iniciales de Hf y los valores de ƐHf en circón han sido calculadas 
empleando la edad Varisca obtenida para cada intrusión y la edad U–Pb medida para los circones 
heredados (edades 207Pb/206Pb para los análisis más antiguos de 1.0 Ga y 206Pb/238U para las edades 
más jóvenes). Las edades TDM que fueron calculadas empleando las relaciones isotópicas176Lu/177Hf 
medidas en circón otorgan la edad mínima del material fuente del magma a partir del cual el circón 
cristalizó (Andersen et al., 2002). Se ha calculado también una edad modelo “cortical” (TDMC) para 
cada cristal de circón; estos cálculos asumen que el magma parental evoluciona según un valor 
promedio de la corteza continental (176Lu/177Hf = 0.015), que puede extrapolarse hasta la composición 
del manto empobrecido (Andersen et al., 2002), y proporcionan una estimación más realista acerca de 
la edad del area fuente. Los resultados isotópicos de Lu–Hf en circón de los granitoides del BMT se 
detallan en la Tabla 15. La composición isotópica de Hf en circón de las secuencias metasedimentarias 
de la ZCI se muestran en la Tabla Suplementaria III del DVD. 
 
I.5.- Resultados 
Los resultados obtenidos durante el desarrollo de esta Tesis Doctoral han dado lugar a la publicación 
de varios artículos científicos en revistas nacionales e internacionales de tipo SCI. Además, la mayoría 
de los resultados han sido presentados y discutidos en congresos nacionales e internacionales. A 
continuación se detallan los artículos y resúmenes de conferencias, ordenados cronológicamente, en 
donde se pueden encontrar estos resultados: 
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II.- THE S-TYPE MONTES DE TOLEDO BATHOLITH 
II.1.- Introduction 
The MTB granitoids clearly define three different compositional trends within the A-B diagram (Fig. 
3; Debon and Le Fort, 1983; modified by Villaseca et al., 1998a). A detailed description of the E-MTB 
intrusions can be found in Andonaegui (1990), Villaseca and Barbero (1994), and Andonaegui and 
Villaseca (1998), whereas W-MTB granitoids are described in Villaseca et al. (2008b), Orejana et al. 
(2012a), Merino et al. (2013a) and Merino Martínez et al. (2014). The different petrographic and 
geochemical features found in the MTB granitoids allow the distinction of the three peraluminous 










Figure 3. A-B diagram (Debon and LeFort, 1983; modified from Villaseca et al., 1998a) 
showing the contrasting peraluminous granitoid types found within the Montes de Toledo 
batholith and the compositional fields of S-type granitoids from the SCS batholith (Villaseca 
et al., 1998b) and the Layos restite-rich granitoids from the Anatectic Complex of Toledo 
(ACT; Andonaegui, 1990; Barbero and Villaseca, 1992; Barbero et al., 1995). Top-right inset 
shows the different peraluminous trends defined for the MTB granitoids (types-1 to -3), and 
the I/S boundary line as proposed by Villaseca et al. (1998a). Peraluminous fields are: ehP: 
extremely high peraluminous; hP: highly peraluminous; mP: moderately peraluminous; lP: 
low peraluminous; fP: highly felsic peraluminous (modified from Villaseca et al., 1998a). 
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Most of the MTB granitoids are classified as monzogranites in the QAPF diagram of Streckeisen 
(1976), although some slightly more mafic units are also found within several plutons (i.e., in the 
Azután, Navalmoral, Oropesa and Mora-Las Ventas plutons; Fig. 4A). The modal results are shown in 
Table i of Appendix. The rest of the MTB granite bodies are classified as sienogranites in this diagram 
(Fig. 4A). The scarcity of biotite or any other mafic mineral in some units characterises these rocks as 
leucogranites. This modal classification agrees with that obtained by whole-rock composition of the 
MTB granitoids (Q´–ANOR; Fig. 4B; Streckeisen and Le Matre, 1979). Most MTB granitoids plot 
within the monzogranite (3b) to granite ss. (3a) fields in this normative diagram, and the most evolved 
leucogranites overlap with the alkali-feldspar granite field (2) (Fig. 4B). Nevertheless, some 
intermediate samples from the Azután and Navalmoral plutons yield a contradictory modal and 
normative classification (granodiorite versus monzogranite, and tonalite versus granodiorite, 
respectively; Figs. 4A, B), since the Q´–ANOR does not take into account biotite in the classification, 
and all the K2O contents are included in the K-feldspar (Streckeisen and Le Matre, 1979). Hence, due 
to the intermediate character of these granitoids (see next section), and according to the International 
Union of Geological Sciences (IUGS), the modal classification is considered to represent the most 




Figure 4. A) Modal composition of representative MTB granitoid samples plotted in the QAPF 
classification diagram of Streckeisen (1976). B) Q´(F´)–ANOR normative classification 
diagram (Streckeisen and Le Matre, 1979) of the studied MTB granitoids. Q´= 100 x 
Q/(Q+Or+Ab+An). ANOR = 100 x An/(Or+An). Numeric fields correspond to those used in the 






Common main rock-forming minerals of the MTB granitoids are quartz, K-feldspar, 
plagioclase and biotite. K-feldspar is weakly perthitic in all samples. Muscovite is found as an 
accessory mineral except in the most evolved facies, in which it is presented as a main mineral and 
biotite is an accessory phase. Nevertheless, each granitoid series presents distinct petrographic features 
and different accessory phases, which are reflected in their bulk composition. A general description of 
the MTB peraluminous granitoid types is detailed as follows: 
II.1.- Peraluminous granitoid types of the Montes de Toledo 
batholith: field and petrographic features  
Type-1, extremely high peraluminous restite-rich granitoids 
These granitoids are only found in the western part of the batholith defining the Azután pluton (Fig. 
2), which represents less than ca. 5% of the total MTB granitic volume. This pluton is quite 
heterogeneous in granite lithotypes, geochemistry and mineralogy, consisting of restite-rich 
porphyritic medium- to coarse-grained granodiorites to monzogranites, with subordinate fine- to 
medium-grained, cm- to m- sized, leucogranitic bands, also with abundant restitic material (Figs. 5A-
D). Some monzogranite and leucogranite units are strongly foliated in an east to west direction (mostly 
in the northern part of the pluton), giving a gneissic appearance in some sectors. Most feldspars 
phenocrysts and micas are orientated parallel to this foliation (N110–N80), suggesting that the granite 
emplacement was contemporaneous with the regional deformation event. In addition, most of the 
Azután lithologies are interbanded, though a detailed cartographical distribution of the different units 
is difficult to establish. Nevertheless, outcrops with mingled leucogranites and monzogranites (Fig. 
5E) are usually found from the middle to the northern part of the pluton. Granodiorite bodies (Figs. 
5A, C) occur at the northern and at the southern half of the massif. Mingling textures are also shown in 
the southwestern contact with the later Aldeanueva intrusion (type-2 monzogranite; Fig. 5F). All type-
1 granitoids have a large amount of metamorphic xenoliths and restitic material, as cm- to dm-sized 
quartz and K-feldspar globules and micaceous enclaves (Figs. 5A-D), most of them also oriented 
parallel to the foliation (Fig. 5D). Most features described above are similar to those found in the 
Layos granodiorites and Cervatos leucogranites from the Anatectic Complex of Toledo (ACT; 
Andonaegui, 1990; Barbero, 1992b; Barbero and Villaseca, 1992; Barbero et al., 1995), located to the 
north of the E-MTB (Fig. 2). 
The Azután granodiorites to monzogranites commonly contain a large amount of Al-rich 
minerals, such as andalusite, sillimanite, garnet and cordierite (Figs. 6A-E). The foliation of these 
granitoids is preferentially shown under the microscope by the internal deformation of quartz and 
micas, by the recrystallisation of small quartz crystals and by the alignment of biotite (± cordierite) 
(Fig. 6F). Biotite usually appears as isolated crystals with inclusions of other accessory phases (i.e., 
zircon, apatite, rutile, ilmenite; Figs. 6A-F), but it is also frequently found forming micaceous 
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aggregates with sillimanite (restites; Fig. 6B). Biotite is almost absent in the leucogranitic units, and it 
is usually altered to chlorite (Figs. 6G, H). Accessory muscovite appears as late-magmatic anhedral 
crystals (Figs. 6A-F), some of them rimming subhedral andalusite grains, together with fibrolitic 
sillimanite (Figs. 6A, B). In the leucogranite units, muscovite forms large euhedral to subeuhedral 
crystals with a clear magmatic appearance (Figs. 6G, H). Cordierite appears as unaltered to slightly 
altered euhedral crystals of medium- to coarse-grained size (up to 2 cm), hosting inclusions of 
suhedral to anhedral quartz and euhedral biotite crystals (Fig. 6C), suggesting a magmatic origin. 
Some of these peraluminous restite-rich granitoids also contain minor andalusite and sillimanite and, 
occasionally, anhedral garnet included within plagioclase crystals (Fig. 6E). Nevertheless, in most 
granodiorite samples, cordierite also includes anhedral biotite and scarce prismatic and/or fibrolitic 
sillimanite (Fig. 6D). This suggests a non-cotectic growth but rather reaction with restitic or 
xenocrystic minerals immersed in the granite magma (similarly to the CG1 type of Erdmann et al. 
2004). Andalusite forms euhedral to subhedral inclusion-free crystals, usually surrounded by a thin 
rim of muscovite and/or fibrolitic sillimanite (Figs. 6A, B). Andalusite seems to have crystallised close 
to magma solidus conditions, as is the case of many andalusite-bearing granites (Clarke et al. 2005). 
Sillimanite is usually included in most minerals as small needles (fibrolite) (Figs. 6C, D), or 
surrounding andalusite crystals, associated to muscovite and occasionally to feldspars (Fig. 6A), 
although it also forms bigger fibrolitic aggregates together with micas and other accessory minerals 
(i.e., zircon, monazite, apatite, oxide minerals) (Fig. 6B). In the leucogranite bands from type-1 
granitoids, the fibrolitic sillimanite is commonly the only Al-rich mineral present, usually included in 
muscovite and biotite crystals (Fig. 6H), although pinnitised cordierite and tourmaline have also been 
found. In general, the high amount of peraluminous phases and restitic enclaves gives this intrusion an 
extremely high peraluminous character. Other accessory phases are apatite, rutile, ilmenite, zircon, 





Figure 5. Field images of type-1 granitoids. A) Inequigranular, occasionally porphyritic, medium-grained 
granodiorite with restitic and metamorphic enclaves. B) Fine- to medium-grained leucogranite with 
abundant restitic (micas+sillimanite) enclaves. C) Quartz globule (~15 cm long) included in the Azután 
granodiorite. D) Elliptical metamorphic enclave within a foliated leucogranite (interbanded with fine-
grained monzogranites), parallel to the general granite structure. E) Mingling textures and interbanding 
between type-1 leucogranites and monzogranites. F) Mingling textures between the Azután granodiorite 
(type-1 granitoids) and the Aldeanueva monzogranite (type-2 granitoids). Pencils are 15 cm long. 
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Figure 6 (previous page). Microphotographs of type-1 granitoids (Azután pluton): 
A) Fine- to medium-grained granodiorite (sample 106817) showing suhedral crystals of andalusite (to the left), 
surrounded by a thin rim of muscovite and fibrolitic sillimanite. In this sample, it is also found subhedral to 
anhedral crystals of tourmaline, but no cordierite. It can be shown some inclusions of zircon (see the small 
metamictic aureoles) and apatite within tourmaline. Biotite usually includes many accessory minerals (zircon, 
apatite, Fe-Ti oxides: Fe-ox).  
B) Detail of a restitic aggregate composed of fibrolitic sillimanite, micas and other accessory minerals within the 
fine- to medium-grained granodiorite (sample 106817). Biotite is usually associated to these aggregates forming 
micaceous enclaves. It is also shown a subhedral crystal of andalusite surrounded by muscovite (top left). 
C) Euhedral to suhedral cordierite crystal slightly altered to pinnite in the rims, including anhedral quartz and 
euhedral biotite crystals, suggesting a magmatic origin of cordierite (sample 111365, fine- to medium-grained 
granodiorite).  
D) Fine- to medium-grained porphyritic granodiorite (sample 106821) showing a suhedral cordierite crystal, 
slightly altered to pinnite, including anhedral biotite and fibrolitic and prismatic sillimanite crystals, suggesting a 
peritectic reaction with other restitic minerals. 
E) Detail of a small inclusion of anhedral garnet within a plagioclase core in a fine- to medium-grained 
granodiorite (sample 111365). In this sample, it is also found cordierite, andalusite and sillimanite. 
F) Cross-polarised light microphotograph showing the strong foliation found in some granodiorite samples of the 
Azután pluton (sample 111365). This foliation is mostly shown by the internal deformation of micas and quartz, 
following the main structure of the intrusion, and by the generation of newly formed small quartz crystals. 
G) Cross-polarised light microphotograph of the Azután leucogranite (sample 111371). It can be shown the big 
size of muscovite, suggesting magmatic origin, and the high amount of K-feldspar with respect to plagioclase. 
H) Detail of the Azután leucogranite under cross-polarised light (sample 111371). It can be shown the presence 
of fibrolitic sillimanite within muscovite crystals.  Most biotite crystals are altered to chlorite.  
 
Mineral abbreviations after Kretz (1983). 
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Type-2, highly to felsic peraluminous granites (restite-bearing granitoids) 
This peraluminous granitoid type is defined by plutons located only in the W-MTB, comprising nearly 
half the total volume of the batholith (Fig. 2). These intrusions mainly consist of restite-bearing 
monzogranites and minor granodiorites (i.e., the Navalmoral, Peraleda, Oropesa and Aldeanueva 
plutons; Fig. 2) and leucogranites (i.e., the Belvís, Valdeverdeja and Villar del Pedroso plutons; Fig. 
2). The main monzogranitic outcrops are fine- to medium- and coarse-grained units, some of them 
showing slightly to strongly porphyritic textures (Figs. 7A-D). Mingling textures are shown between 
some fine-grained granodiorites and medium- to coarse-grained, slightly porphyritic, monzogranite 
units (i.e., in the Navalmoral and Oropesa plutons; Fig. 7G, H). The most felsic leucogranites are 
medium- to coarse-grained rocks, occasionally porphyritic (Figs. 8A-D), forming isolated plutons (i.e., 
the Belvís and Valdeverdeja plutons; Figs. 2) or felsic bodies within mostly monzogranitic units, as 
occurs in the Navalmoral de la Mata, Villar del Pedroso, Peraleda and Aldeanueva plutons (Figs. 2, 
8E-F). No planar structures are found in type-2 granitoids, with the exception of the Belvís pluton 
(Fig. 2), in which some alignments of micas are found in small localised shear bands. The absence of 
any deformation structure in most type-2 granitoids suggests that their emplacement mostly occurred 
after the regional deformation phases. In the case of the Belvís pluton, the minor structures found in 
this leucogranite advocate for a plutonic emplacement associated to late deformation events. Most of 
these granitoids, even some of the most evolved units, contain scarce restitic material (such are 
micaceous enclaves, globular quartz and feldspar slumps) and metamorphic xenoliths (e.g., 
metasedimentary and/or calc-silicated rocks of cm- to dm-size; Figs. 7A-F; 8C, E-F). Such a suite of 
metasedimentary lithologies, both in type-1 and -2 granitoids, is typical of S-type granites (Chappell et 
al., 1987; Barbero and Villaseca, 1992). 
All of these granitoids usually present two or more Al-rich minerals, such as andalusite, 
sillimanite (normally as fibrolite variety, but also as prisms), tourmaline or cordierite (commonly 
altered to pinnite) (Figs. 9A-H). Euhedral to subhedral biotite can be present as isolated crystals or 
forming micaceous aggregates with sillimanite (restites) and/or muscovite (xenolithic material?) (Figs. 
9A, D). Biotite usually includes abundant accessory phases (i.e., zircon, monazite, apatite, xenotime, 
rutile, ilmenite; Figs. 9A, C, E). Muscovite appears in most of the granitoids as late-magmatic 
anhedral crystals and usually in accessory amounts. It is sometimes found rimming aluminium silicate 
grains in the intermediate granitoids (Fig. 9B). Nevertheless, in the most evolved leucogranites, 
euhedral muscovite is the main mica, with larger size than the associated biotite, especially in the 
leucogranites (Fig. 9G). In granites where biotite dominates over muscovite, the larger muscovite 
crystals are those forming monocrystalline rims around andalusite (Figs. 9A, C), and are interpreted as 
magmatic according to the textural criteria reviewed by Clarke et al. (2005). Andalusite commonly 
appears as inclusions-free euhedral crystals of medium size in most type-2 intermediate granitoids 
(Fig. 9A, C), although it is also scarcely found in some leucogranitic units (i.e., Valdeverdeja and 
Villar del Pedroso leucogranites; Fig. 9G). Andalusite also appears together with pinnitised cordierite 
and/or tourmaline (Fig. 9E), and it is occasionally closely associated with Ab-rich plagioclase rims. 




(thin fibrolite crystals) is occasionally found within the outer muscovite rim surrounding andalusite 
(always less than 100 µm) (Fig. 9C). Furthermore, a second textural sillimanite type in these granitoids 
is associated with mica-rich enclaves or aggregates (Fig. 9D), or even included in some cordierite 
crystals (restites?). Sillimanite formed by andalusite transformation is invariably fibrolitic. A late 
magmatic origin has been attributed to the aluminium polymorphs andalusite and sillimanite, based 
preferentially on their euhedral shape and chemical zoning, their widespread occurrence and their 
chemical equilibrium with other rock-forming minerals (Villaseca et al., 2008b; see also chapter IV). 
Cordierite usually appears in most monzogranite to leucogranite units altered to pinnite aggregates 
(Fig. 9E). Fresh cordierite crystals are only found in the most external unit of the Belvís pluton (Fig. 
2), with occasional inclusions of chrysoberyl and beryl crystals (see chapter III). Garnet (cm-sized) is 
only found in some aplitic dikes surrounding this pluton (see Chapter III). Euhedral to anhedral 
tourmaline crystals are commonly found in type-2 monzogranite to felsic units, appearing together 
with other Al-rich phases (andalusite, sillimanite, pinnitised cordierite; Fig. 9F, H). Other common 
accessory phases are apatite, rutile, ilmenite, zircon, monazite and xenotime, most of them included 
within biotite and some feldspar. Some of the most evolved leucogranites (Belvís pluton) also present 
uncommon mineral assemblages, such as gahnite (Zn-rich hercynite), chrysoberyl, beryl and a great 
variety of (Al-Fe-Mn)-rich phosphates (Merino et al., 2013a; see chapter III). 
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Figure 7 (previous page). Field images of some type-2 granitoids and their different enclaves. A) Restitic 
enclave within medium- to coarse grained porphyritic monzogranite (Navalmoral de la Mata pluton). B) Calc-
silicate metamorphic xenolith within a medium- to coarse-grained, occasionally porphyritic, monzogranite 
(Peraleda de San Román pluton). C) Restitic K-feldspar-rich nodule within an equigranular medium-grained 
monzogranite (Navalmoral de la Mata pluton). D) Quartz globule within a fine- to medium-grained 
monzogranite (Aldeanueva de Barbarroya pluton). E) Large restitic enclave (~50 cm long) within a fine-
grained granodiorite (Navalmoral de la Mata pluton). F) Large fragmented quartz globule (~75 cm long) 
within a fine-grained granodiorite (Navalmoral de la Mara pluton). G) Mingling textures between a fine-
grained granodiorite and a medium- to coarse-grained monzogranite (Navalmoral de la Mata pluton). H) 
Mingling textures between a fine-grained porphyritic granodiorite and a medium- to coarse-grained 
porphyritic monzogranite (Oropesa pluton). Note the irregular contacts between the different granitoids in 






















Figure 8. Field images of some type-2 felsic leucogranites. A) Medium- to coarse-grained leucogranite with small 
pockets of purple (Li-rich) muscovite and biotite (Belvís pluton). B) Medium- to coarse-grained leucogranite 
(Valdeverdeja pluton). C) Fine-grained leucogranite with altered cordierite nodules and scarce restites (Valdeverdeja 
pluton). D) Fine-grained tourmaline-bearing leucogranite (Valdeverdeja pluton). E) Fine-grained leucogranite with 
abundant restitic enclaves parallel to the granite magmatic fabric (Peraleda pluton). F) Fine- to medium-grained 
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Figure  9 (previous page). Microphotographs of type-2 granitoids. 
A) Medium- to coarse-grained monzogranite (sample 111383) from the Aldeanueva de Barbarroya pluton. It can 
be shown an isolated big crystal of biotite (> 1 mm), which includes a large amount of accessory minerals 
(apatite, oxide minerals (Fe-ox) and zircon). Subhedral andalusite crystals, surrounded by muscovite, are found 
between biotite and quartz grains. This sample also contains pinnitised cordierite and scarce tourmaline. 
B) Fine-grained monzogranite (sample 110179) from the Navalmoral de la Mata pluton. Note the big size of 
muscovite (igneous-like), including a large amount of prismatic and fibrolitic sillimanite crystals. Plagioclase 
cores are strongly altered to sericite. 
C) Fine- to medium-grained monzogranite unit (sample 106809) from the Peraleda de San Román pluton. 
Subhedral andalusite crystals are commonly found surrounded by a thin rim of muscovite together with 
sillimanite (fibrolite), suggesting a replacement reaction with quartz ± feldspars during magma cooling (see 
chapter IV). This texture is commonly found in most andalusite-bearing samples. Note the slight chemical 
zoning shown by andalusite crystals (pale pink) due to higher Fe contents in the cores than in the rims. This 
sample also contains pinnitised cordierite and sillimanite aggregates (Figure 5D).  
D) Detail of a large fibrolitic aggregate from the latter sample (sample 106809). These aggregates are also found 
in other samples, and are commonly associated to micas. They are interpreted as restitic in origin (together with 
the micaceous aggregates). 
E) Fine- to medium-grained monzogranite (sample 106814) from the Peraleda de San Román pluton. Cordierite 
is usually found totally altered to micaceous aggregates (pinnite) in most type-2 granitoids. Andalusite, 
surrounded by sillimanite and muscovite, is found in the rims of the pinnitised cordierite, and close to this 
aggregate (on the left). 
F) Medium- to coarse-grained leuco-monzogranite (sample 110195) from the Peraleda de San Román pluton, 
showing a subhedral tourmaline crystal which includes subhedral quartz. This sample also contains andalusite, 
pinnitised cordierite, and a large amount of restitic material. 
G) Medium- to coarse-grained leucogranite (sample 110197) from the Valdeverdeja pluton. Muscovite is found 
in most leucogranite samples as large (mm-sized) crystals. Andalusite is scarcely found in some type-2 
leucogranites, and commonly appears included in, or surrounded by, muscovite. The presence of andalusite 
included in large muscovite crystals suggests a magmatic origin for both minerals.  
H) Detail of a strongly zoned tourmaline crystals from a fine- to medium-grained, slightly porphyritic, leuco-
monzogranite (sample 110207) from the Villar del Pedroso pluton. This sample also contains scarce andalusite 
crystals. 
 




Type-3, moderately to felsic peraluminous granitoids (granitoids with mafic 
microgranular enclaves) 
These granitoids mainly appear in the eastern segment of the batholith (the Mora-Las Ventas and 
Madridejos plutons), although one intrusive unit is also found in the W-MTB (the Torrico pluton; Fig. 
2). The total outcropping area of these granitoids comprises about half the volume of the batholith 
(Fig. 2). These intrusions consist of undeformed fine- to coarse-grained granodiorites to 
monzogranites with a variable porphyritic degree (Figs 10A-E). Nevertheless, in the northern part of 
the Mora-Las Ventas pluton some deformation structures (shear bands) are found associated to the 
milonitic band which separates the E-MTB and the Anatectic Complex of Toledo (Aparicio, 1971; 
Andonaegui, 1990; Barbero, 1992b; IGME, 2009c, d, e) (Fig. 2). Fine-grained leucogranites, aplites 
and pegmatites appear in the western part of the Mora-Las Ventas massif, showing sharp intrusive 
contacts with their host monzogranite unit (Fig. 10E). Big cordierite nodules are found in some of the 
most evolved leucogranitic units of this peraluminous series (e.g., the Torcón pluton; Fig. 10F). This is 
a common feature found in granitoids showing a S-type affinity (Chappell and White, 1974). Type-3 
granodiorites to monzogranites include scarce restitic and xenolithic enclaves, although oval-shaped 
mafic microgranular enclaves (tonalitic in composition) are frequently found (Figs. 10A-E), similar to 
other S-type Variscan granitoids from the Spanish Central System (Villaseca et al., 1998b). In the 
most felsic units of type-3 granitoids, all of these enclaves are lacking (Figs. 10E, F; Andonaegui, 
1990). The common presence of mafic microgranular enclaves in type-3 granitoids is one of the most 
important petrographic differences with respect to the other MTB peraluminous series. 
Most plagioclase crystals from type-3 monzogranites show well-developed normal zoning (Fig. 
11A), more distinct than in plagioclase from the other peraluminous series. Biotite is frequenly found 
as isolated euhedral to subeuhedral crystals, with inclusions of most accessory minerals (i.e., zircon, 
monazite, apatite, ilmenite) (Fig. 11B). Glomeroporphyritic aggregates of biotite crystals, together 
with small anhedral quartz grains, are only found in this peraluminous series (Fig. 11C). Muscovite 
appears as subhedral isolated crystals or acicular grains associated to biotite (Fig. 11D). It is also 
found forming small aggregates composed of acicular muscovite (Fig. 11E) in some intermediate 
units. Contrary to the other peraluminous series, no aluminium silicate polymorphs have been found in 
the type-3 intermediate units. They scarcely contain Al-rich accessory minerals, such as tourmaline, 
and more occasionally, cordierite and garnet (Andonaegui, 1990). Cordierite is strongly transformed to 
secondary pinnite aggregates in the intermediate granitoids (Fig. 11F), although is has been also found 
as subhedral to anhedral fresh crystals, some of them with an intersticial character, only slightly 
altered in the rims (Andonaegui, 1990). Accessory subhedral to anhedral garnet has been recognised in 
some coarse-grained and porphyritic monzogranites, occasionally surrounded by green micas 
(Andonaegui, 1990). The presence of these mica aureoles with small spinel crystals led this author to 
establish a restitic origin for this mineral. Only the most felsic granites may bear primary muscovite, 
andalusite, garnet, dumortierite (Al6.9(BO3)(SiO4)3O2.5(OH)0.5) and fresh cordierite nodules (Fig. 11B; 
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Andonaegui 1990). Similar to other leucogranites from Montes de Toledo batholith, muscovite 
appears as large subhedral crystals of magmatic appearance (Fig. 11H). Cordierite nodules from the 
type-3 leucogranites are mostly found as inclusion-free subeuhedral crystals, occasionaly surrounded 
by, and slightly altered to, secondary micas (Fig. 11G). Some of these cordierite crystals show graphic 
intergrowth textures with quartz (Fig. 11G). Cordierite from these leucogranites is also presented as 
small subhedral crystals, usually totally altered to pinnite (Andonaegui, 1990). As occurs in the other 
peraluminous MTB granitoids, andalusite from the most felsic (and peraluminous; Fig. 3) type-3 units 
is found as euhedral to subeuhedral crystals showing a slight chemical zoning (Andonaegui, 1990), 
commonly surrounded by a thin rim of muscovite. Andonaegui (1990) also found dispersed anhedral 
tourmaline crystals with strong plechroism in bluish tones, occasionally growing through feldspars 
fractures. Other accessory phases are apatite, ilmenite, zircon, monazite and xenotime, most of them 






Figure 10. Field images of type-3 granitoids. A) Highly porphyritic medium- to coarse-grained monzogranite 
with xenolithic and mafic microgranular enclaves (top and center, respectively; Torrico pluton, W-MTB). B) 
Porphyritic medium- to coarse-grained monzogranite with restitic, xenolithic and mafic microgranular enclaves 
(Torrico pluton, W-MTB). C) Detail of a mafic porphyritic microgranular enclave within a porphyritic 
medium- to coarse-grained monzogranite (Torrico pluton, W-MTB). D) Medium- to coarse-grained slightly 
porphyritic monzogranite with a mafic porphyritic microgranular enclave (Mora Las Ventas pluton, E-MTB). 
E) Fine- to medium-grained leuco-monzogranite intruded by a pegmatitic bodie (Mazarambroz pluton, within 
the Mora-Las Ventas massif, E-MTB). F) Fine-grained leucogranite showing dispersed big cordierite nodules 
(Torcón pluton, within the western part of the Mora-Las Ventas massif, E-MTB). 







Figure 11. Microphotographs of type-3 granitoids.  
 
A) Cross-polarised light microphotograph of a medium- to coarse-grained porphyritic monzogranite (sample 
110341) from the Madridejos pluton, in the easternmost part of the MTB (Fig. 2). It can be shown the marked 
zoning found in the plagioclase.  
B) Medium to coarse-grained monzogranite (sample 110331) from the Mora-Las Ventas pluton (E-MTB). Note 
the large size of biotite, which includes most of the accessory minerals (apatite, zircon, oxide minerals). An 
euhedral apatite crystal is also found included in an intersticial K-feldspar crystal. Some plagioclase cores are 
altered to sericite (top right). 
C) Medium- to coarse-grained porphyritic monzogranite (sample 110341) from the Madridejos pluton (E-MTB) 
showing a glomeroporphyritic aggregate of biotite crystals, which include anhedral quartz in the core of the 
aggregate. These aggregates are only found in this sample. Some plagioclase cores are altered to sericite (top 
right). 
D) Medium- to coarse-grained porphyritic monzogranite (sample 110203) from the Torrico pluton, in the W-
MTB (Fig. 2). Note the large size of the muscovite crystal, which suggest a magmatic origin. Biotite includes a 
large amount of accessory minerals (apatite, zircon, oxide minerals). 
E) Cross-polarised light of a medium to coarse-grained monzogranite (sample 110331) from the Mora-Las 
Ventas pluton (E-MTB). Acicular muscovite also appears forming small aggregates without any preferent 
orientation. Some plagioclase cores are altered to sericite. 
F) Detail of a cordierite crystal, totally altered to pinnite, from the medium- to coarse-grained porphyritic 
monzogranite (sample 110203) from the Torrico pluton (W-MTB). 
G) Fine- to medium-grained leucogranite (sample 79026) from the Torcón pluton, within the Mora-Las Ventas 
massif (E-MTB). Subhedral muscovite appears in most leucogranite samples as large mm-sized crystals of 
magmatic appearance, as occurs in other MTB leucogranites  
H) Cordierite nodule within the fine- to medium-grained leucogranite (sample 79026) from the Torcón pluton 
(E-MTB). It can be shown the graphic intergrowth between cordierite and quartz. Cordierite is usually altered to 
pinnite and secondary micas in these nodules  
 
Mineral abbreviations after Kretz (1983). 
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II.2.- Mineral chemistry 
In this section a comparison of the chemical composition of rock-forming minerals among the several 
MTB granitoids series is presented. EPMA major-element analyses were performed in all minerals 
from all the peraluminous series, whereas LA–ICP-MS trace-element analyses were carried out mostly 
in minerals from intermediate (granodiorites to monzogranites) to the most felsic (leucogranites) type-
2 granitoids, to describe the chemical evolution of this peraluminous series through differentiation. 
Nevertheless, the trace-element composition of some mineral phases from some type-1 and type-3 
intermediate granitoids was also obtained for comparison. These results are presented together with a 
short discussion when considered necessary. In general, most minerals from type-2 intermediate 
granitoids show higher P2O5 contents, and are usually more depleted in Y-REE than the common rock-
forming minerals of the other series (Supplementary Table II), although the most interesting chemical 
evolution can be found from the intermediate to the most fractionated leucogranites of type-2 series. 
The EPMA and LA–ICP-MS analytical results are summarised in Supplementary Tables I and II, 
respectively. 
II.2.i.- Main minerals 
Feldspars 
Plagioclase in the three MTB granitoid types show poor core-rim zoning, although it is slightly more 
developed in type-3 granitoids. The most An-rich analyses are usually found in core zones. The 
maximum anortite component increases from plagioclase of type-1 to type-2 and type-3 granitoids up 
to 22, 36 and 40% respectively, although Andonaegui (1990) found an anortite component of up to 
62% in plagioclase from type-3 granitooids. The highest contrast is found when comparing the 
plagioclase composition of the fractionated units of each series (An component up to 3, 16 and 33%, 
respectively; Supplementary Table I). Nevertheless, the An-Ab-Or composition of plagioclase from 
type-1 granitoids is much less variable than that from any other granitoid series (Fig. 12A). The P2O5 
contents of plagioclase usually increase correlatively with the Na contents (albite component) in type-
1 and type-2 granitoids, reaching up to 0.6 and 1.3 wt.% P2O5, respectively (Fig. 12A). Plagioclase 
from type-3 granitoids shows P2O5 concentrations always lower than 0.3 wt.% (even in the most 
evolved facies; Fig 12A). It is worth to note that plagioclase of type-2 granitoids is richer in P than that 
from any other peraluminous S-type granites of central Spain (up to 0.6 wt.%; Bea et al., 1994a) and 
from other western European Variscan terranes (usually lower than 0.57 wt.%; London 1992a, and 
references therein). The F contents in plagioclase of type-2 granitoids reach also the highest values of 
all MTB granitoid types (Fig. 12A). 
The composition of K-feldspar varies between Or100 and Or78, being more Ab-rich in type-1 and 
type-2 granitoids (Fig. 12B; Supplementary Table I). K-feldspar from type-1 granioitds usually shows 
a lower orthoclase component than in the other series (Fig. 12B). The P2O5 contents reach also the 




type-1 and type-3 granitoids these concentrations are always lower than 0.6 and 0.4 wt.% respectively 
(Fig. 12B; Supplementary Table I). K-feldspar from type-2 granitoids also exceeds the P2O5 
concentrations of other perphosphorous granites from the Spanish Central System (up to 0.75 wt.% in 
the Pedrobernardo pluton; Bea et al., 1994a) and from other Variscan granites of western Europe 
(usually lower than 0.65 wt.%, and up to 0.85 wt.% in K-feldspar from the Massif Central, France; 
London, 1992a, and references therein). As occurs in plagioclase, K-feldspar from type-2 granitoids 
shows higher F contents than that from the type-1 and -3 series (up to 0.15, 0.10 and 0.06 wt.%, 





Feldspars from type-2 monzogranites present similar trace-element concentrations than those 
from type-1 and type-3 granitoids at the same differentiation values (i.e., SiO2 contents), although 
plagioclase and K-feldspar of some type-2 monzogranites show slightly higher Ba levels (Figs. 13, 14; 
Supplementary Table II). Plagioclase from the Navalmoral tonalite (type-2 granitoids) shows the 
highest levels of Sr with similar Ba contents to plagioclase from the other series (Fig. 13; 
Figure 12. P2O5 and F (wt.%) variation diagrams for feldspars from the MTB granitoids with 
respect to A) albite component in plagioclase, and B) orthoclase component in K-feldspar. 
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Supplementary Table II). The main chemical evolution trend followed by feldspars from type-2 
granitoids is to considerably increase the concentrations of incompatible elements Rb, Cs and Li and 
decrease the concentrations of compatible elements Ba and Sr towards the most fractionated units 
(Figs. 13, 14; Supplementary Table II). This is the common compositional pattern followed by 
feldspars during chemical differentiation of granite melts (e.g., Cerný, 1994; Icenhower and London, 
1996). These high Rb, Cs and Li contents are similar, or even higher, than those shown in other highly 
evolved granite melts (e.g., Kontak and Martin, 1997; Lagache and Quéméneur, 1997). These authors 
consider that the high Cs and Li concentrations in feldspars are a consequence of fluid-induced 
processes and/or are derived by the presence of Li-rich micas microinclusions. Nevertheless, as it will 
be shown in this chapter, almost all minerals from type-2 granitoids are enriched in these alkaline 
elements, suggesting that these granite melts were progressively enriched in incompatible elements 









Figure 13. Ba-Rb-Cs-Li vs Sr (ppm) variation diagrams for plagioclase of 







An important feature found in feldspars from type-2 granitoids is the development of a marked 
negative Ce anomaly and a slightly negative Eu anomaly in the most fractionated leucogranites (Fig. 
15). This behaviour is found in high-Rb and low-(Ba, Sr) feldspars from the most felsic leucogranites 
(i.e., the Belvís and Valdeverdeja plutons; Fig. 2; Supplementary Table II). A similar chondrite-
normalised REE pattern with negative Eu anomaly (not Ce) has been also found in K-feldspars of 
some peraluminous granite pegmatites from the South Mountain Batholith (Nova Scotia; Kontak et al., 
1996), and it is interpreted to reflect: i) the systematic partitioning of Eu into feldspars, which is 
progressively depleted after feldspar fractionation (Leeman and Phelps, 1981; Smith and Brown, 1988; 
Stix and Gorton, 1991; Kontak and Martin, 1997); ii) the variable conditions of oxygen fugacity and 
temperature during magmatic crystallisation (Weill and Drake, 1973); or iii) the oxidation of Eu2+ to 
Eu3+ by interaction of feldspars with late- to post-magmatic aqueous fluids (Kontak and Martin, 1997). 
Nevertheless, the possibility of feldspars crystallisation coeval with other (Ce, Eu)-rich mineral phases 
(i.e., apatite, monazite) might explain these extreme depletions of Ce and Eu in both feldspars towards 
increasing the evolution of these granite melts (see further explanation below). 
Figure 14. Selected trace-element variation with respect to the Rb contents (in 
ppm) in K-feldspar from the MTB granitoids. Symbols are as in Figure 12. 







Figure 15. Chondrite-normalised REE patterns of feldspars from the MTB 
granitoids. The uncommon REE patterns followed by some type-2 leucogranites 
(negative Ce anomaly and slightly positive to negative Eu anomaly) are shown 







Biotite is Al-rich in composition in all granitoid series (Fig. 16A; Supplementary Table I). Biotite 
shows a slight decrease in Al contents from type-1 and -2 to type-3 granitoids (Figs. 16A, 17), and 
mostly plots in peraluminous fields in biotite classification diagrams (e.g., Nachit et al., 1985; Abdel-
Rahman, 1994), similarly to other biotites from the SCS S-type granites (Fig. 16A; Villaseca and 
Barbero, 1994). Nevertheless, a few biotite crystals show a calc-alkaline affinitiy due to its lower Al 
contents, mostly belonging to type-3 granitoids (Fig. 16A). Biotite from the most felsic types-2 and -3 
granites shows high Al contents and, accordingly, the lowest Mg and Ti values (Fig. 16A; 
Supplementary Table I). Biotite with higher Fe concentrations is found in type-3 leucogranites, 
displaying the lowest Mg-Ti contents (Figs. 16A, 17; Supplementary Table I). The parallel chemical 
trends shown by biotite from the MTB granitoids suggests that there are not significant differences in 
the trioctahedral/dioctahedral substitution in micas from the three granite series (Fig. 17). It is worth to 
highlight that biotite from type-2 granitoids is the most enriched in F and P2O5 of all granitoid series 
(up to 1.58 and 0.14 wt.%, respectively; Fig. 16B). Biotite from type-1 granitoids usually shows 














Figure 16. Micas composition of from the MTB granitoids. A) AlTotal vs Mg (atoms per 22 O) diagram for 
biotite. Biotite compositional fields from different magmatic series are taken from Nachit et al. (1985). 
Biotite compositional field of peraluminous S-type granites from the Sierra de Guadarrama (Spanish 
Central System granites; S-type SCS, in grey field) is taken from Villaseca and Barbero (1994). B) F–
P2O5 (wt.%) variation diagram for biotite from the MTB granitoids. C) Mg–Ti–Na (atoms per 22 O) 
diagram for muscovite. Magmatic and secondary (yellowish area) muscovite fields are taken from Miller 
et al. (1981). D) F vs P2O5 concentrations (wt.%) for muscovite from the MTB granitoids. 
Chapter II.- The S-type Montes de Toledo batholith 
 
 80 
There are no significant chemical differences between different textural types of muscovite 
(isolated crystals or surrounding andalusite grains; Figs. 6, 9, 11) and they all mostly plot within 
igneous muscovite fields (due to the high Na and Ti contents; Fig. 16C), including the fine-grained 
and flaky crystals of late-to-postmagmatic appearance. All muscovite plots linearly following the 
common dioctahedral trend of decreasing Al when including other chemical components (Fig. 17), 
thus suggesting crystallisation in magmatic equilibrium with the melt and the other paragenetic 
minerals (Conrad et al., 1988). Similarly to biotite, muscovite of type-2 granitoids shows the highest F 
and P2O5 contents of all the MTB granitoids (up to 1.59 and 0.17 wt.%, respectively; Fig. 16D; 
Supplementary Table I), which correlatively increase with the increment of the FeO concentrations. 







Figure 17. Trioctahedral/dioctahedral 
substitution degree for micas of the MTB 
granitoids (taken from Conrad et al., 






Micas from type-2 granitoids are usually more enriched in B (only biotite), Rb, Li, Be, Cs (only 
muscovite), Zn, Nb, Ta, Hf, and Zr than micas from type-1 and type-3 granitoids (Figs. 18A, B; 
Supplementary Table II). A marked enrichment of these trace elements in micas is evidenced when 
increasing the fractionation of these type-2 magmas (Figs. 18A, B). Ba and Sr reach slightly higher 
values in micas from type-2 granitoids (Navalmoral tonalites), although they considerably decrease 
towards the most felsic units up to the most depleted concentrations (Figs. 18A, B; Supplementary 
Table II). Some muscovite from type-1 and type-2 granitoids (Azután granodiorites and Navalmoral 
tonalites) shows higher Ba contents than those from type-3 series (Fig. 18B). Micas from type-1 
granitoids are richer in Cr, Sc and V, whereas those from type-3 granitoids show slightly higher Y 








Figure 18. Selected trace-element variation diagrams (in ppm) for A) biotite 
and B) muscovite from the MTB granitoids. Symbols are as in Figure 16. 
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II.2.ii.- Al-rich accessory minerals 
Cordierite 
Cordierite from type-1 granitoids plots overlapping two classification fields on the basis  on its 
chemical composition (Figs. 19A, B): i) anatectic-(peritectic) cordierite, with Mg/(Mg+Fe+Mn) 
between 0.51 and 0.61 and low Mn and Na contents, similar to cordierite from the restite-rich Layos 
granodiorites from the ACT (Barbero, 1992b; Barbero and Villaseca, 1992; Villaseca and Barbero, 
1994; Barbero et al., 1995); and ii) magmatic cordierite with XMg in the range 0.54–0.57 and Na and 
Mn concentrations high enough to plot within the igneous field defined by the SCS cordierite-bearing 
granites (Barbero and Villaseca, 1992; Pereira and Bea, 1994). Both groups show similar textures 
under the microscope. Cordierite from type-3 granodiorite/monzogranite units and that from type-2 
and type-3 leucogranites shows an igneous-like composition. In the most felsic units the Na-Mn-Fe 
contents of cordierite are quite high, showing low Al concentrations and Mg/(Mg+Fe+Mn) ratios 
(0.13–0.22) (Figs. 19A; Supplementary Table I). Nevertheless, cordierite from type-3 leucogranites 












Figure 19. Classification diagrams for cordierite of the MTB granitoids on the basis on: A) the 
Mg/(Fe+Mg+Mn) ratios with respect to the abundance of channel cations (Chc) Na+K (in 
apfu) (Pereira and Bea, 1994); and B) Na2O+K2O+CaO vs MnO contents (wt.%), with the 
compositional fields of metamorphic (M) and igneous cordierite (I-type granites: Ia; S-type 
granites: Ib; modified from Villaseca et al., 2008b). In both diagrams it is also plotted the 
composition of cordierite from I- and S-type granites from the Spanish Central System (SCS) 




The trace-element composition of cordierite is only available from type-1 and type-2 granitoids. 
Cordierite from type-2 leucogranites (the Belvís pluton) is enriched in Rb, Zn, Li, Cs and Be (Figs. 
20A, B) whereas that from type-1 granitoids (the Azután pluton) show slightly higher concentrations 







Aluminium silicate polymorphs (andalusite, sillimanite) 
Andalusite and sillimanite chemistry is quite similar in all MTB granitoids, even in the most felsic 
units, although andalusite from type-2 granitoids displays slightly higher FeO and TiO2 concentrations 
than that from type-1 granitoids (Fig. 21; Supplementary Table I). Andalusite commonly shows a 
chemical zoning characterised by an outward decrease of FeO contents, in the range of 0.58 to 0.23 
wt. % (Fig. 21). This chemical zoning is less pronounced than in andalusite from other felsic granites 
of the Central Iberian Zone (CIZ) or from granite pegmatites (Fernández-Catuxo et al. 1995; Clarke et 
al. 2005). The fibrolitic sillimanite, formed by andalusite transformation, shows slightly higher Al and 
Fe contents than that from restitic environments (aggregates, enclaves, inclusions; Fig. 21). As in 
andalusite, sillimanite from type-2 granitoids shows moderately higher FeO and TiO2 concentrations 
than that from type-1 granitoids (Fig. 21). 
 
Figure 20. Selected trace-element composition of cordierite from type-1 and type-2 
granitoids. A) Zn vs Li (ppm), and B) Cs vs Be (ppm). Symbols are as in Figure 19. 









Due to the small size of sillimanite crystals, either as short prisms or thin fibrolite crystals 
associated with other mineral phases (Figs. 6, 9, 11), it was not possible to obtain a reliable trace-
element composition for this mineral. Therefore, only the trace-element composition of andalusite 
from type-1 and type-2 intermediate granitoids is described. Andalusite commonly shows low 
concentrations of almost all trace elements, most of them below detection limits (Supplementary Table 
II). Some andalusite analyses yield high Li contents (30–190 ppm; Supplementary Table II), probably 
related to muscovite micro-inclusions or analyses including muscovite rims surrounding andalusite. 
Nevertheless, as occurs with the other minerals, andalusite from type-2 granitoids shows slightly 
higher contents of B, Cs, Be and Zn than that from type-1 granitoids, which is slightly richer in V and 
Sc (Supplementary Table II).  
 
Tourmaline 
Tourmaline is schorl-dravite in composition (Fig. 22; Supplementary Table I). In type-1 granitoids, 
tourmaline (compositionally dravite; Fig. 22; Supplementary Table I) only appears in one sample, 
which also present cordierite and sillimanite, but no andalusite (Fig. 6). In the case of type-3 
granitoids, schorl-dravite tourmaline has been reported in garnet-bearing porphyritic and coarse-
grained monzogranites (Andonaegui, 1990; Fig. 22). The general evolution of tourmaline from the 
MTB granitoids is to decrease its #Mg with magma differentiation (Fig. 22). 
Figure 21. Composition of aluminium silicates 
(andalusite and sillimanite) from the types-1 and -2 
MTB granitoids in the Al2O3 vs FeO diagram (in 
wt.%). Arrows show core to rim zoning of an 
andalusite crystal of type-2 granitoids (Peraleda 
monzogranite), together with andalusite zoning in 
another peraluminous granite from the Central Iberian 
Zone (the Ponferrada granite; Fernández-Catuxo et al., 
1995). It is also included the andalusite compositional 













Although the only available trace-element analyses of tourmaline are from type-2 intermediate 
to felsic granitoids, they clearly show the chemical evolution of this mineral through differentiation. 
The most important trace element hosted in tourmaline is B (up to 28700 ppm; Supplementray Table 
2), although other elements are present in quite representative amounts, such are Li, Be, Rb, Sr, Sc, V, 
Ni, Cr, Zn and Co (Supplementary Table II). It is worth to note that Li, Ni and Zn in tourmaline 
increase considerably from the intermediate to the most felsic units (from 81 to 2330 ppm, from 499 to 
778 ppm, and from 662 to 4040 ppm, respectively; Fig. 23; Supplementary Table II). Some tourmaline 
analyses from the intermediate granitoids show high Y-REE-U contents (Supplementary Table II), 






Figure 23. Zn vs Li (ppm) trace-element 
composition of tourmaline from type-2 
intermediate to felsic granitoids. It can be shown 
that tourmaline increases its Li and Zn contents 
through differentitation of type-2 granitoids 
(green arrow). Symbols are as in Figure 22. 
Figure 22. Ternary Al–Fe–Mg diagram 
for chemical classification of tourmaline 
(after Henry and Guidotti, 1985). 
Tourmaline crystals are schorl-dravite in 
composition.  (orange line) The chemical 
composition of tourmaline from type-3 
monzogranites is taken from Andonaegui 
(1990). It is shown the general evolution 
of tourmaline chemistry (green arrow) 
through the intermediate to the most 
evolved units of type-2 granitoids.  




Garnet has been found in a granodiorite sample from type-1 series and in an aplitic dike surrounding 
the Belvís pluton (type-2 leucogranite; Fig. 2; see chapter III), and it has been also cited in some type-
3 monzogranites (Andonaegui, 1990). Although garnet generally has a strong almadine (Fe2+) 
component (Fig. 24), it presents a slightly different composition regarding each granitoid series: garnet 
from the type-1 Azután granodiorite is the richest in almadine component (Alm81–82Py8–10Sp–8Gr1.8–
2.0Uv0–0.1And0–1; Fig. 24; Supplementary Table 1), also showing slightly higher Mg contens than that 
from the type-2 aplite; in this aplite, garnet presents the highest Mn concentrations and therefore, is 
spessartine-rich in composition, and shows the lowest pyrope (Mg) and grossular (Ca) components 
(Alm67–70Py3–4Sp25–29Gr0–0.5Uv0–0.3And0; Fig. 24); garnet from type-3 granitoids has higher pyrope and 
grossular components (Alm68–77Py11–20Sp3–11Gr3–6Uv0And0–0.4; Fig. 24; Andonaegui, 1990) than garnet 
from the other peraluminous series. It is worth to note that garnet from the type-2 aplite is also 
enriched in P2O5 (up to 0.54 wt.%), showing higher Fe# ratios (0.94–0.95) than that from types-1 and -













Figure 24. Composition of garnet from different samples from the MTB granitoids.  It is shown 
that almost all garnet crystals are almandine-rich in composition, although other components 
are present in garnet depending on the granitoid series. The chemical composition of garnet 
from type-3 monzogranites is taken from Andonaegui (1990). Abbreviations are as follows: 
Alm – Almandine; Spess – Spessartine; Gross – Grossular; Uvaro – Uvarovite. Andradite 








The trace-element composition of garnet has been only obtained in the type-1 granodiorite and 
in the aplitic dike of type-2 granitoids. Zn and Li are enriched in garnet from this aplite (Fig. 26A). 
On the contrary, garnet from type-1 granitoids presents higher Ba, Rb, Sr, Cr, V, Sc and Y contents 
(Fig. 26B; Supplementary Table II). As expected by the high evolved character of the type-2 aplite 
(see chapter III), the REE contents in garnet from this aplite is quite lower than those from garnet of 
type-1 granodiorite (∑REE up to 89 ppm and up to 257 ppm, respectively; Fig. 27). Moreover, its 
HREE patterns are flatter than in garnet from the type-1 granodiorite (Fig. 27), suggesting magmatic 
co-crystallisation of garnet in equilibrium with other (Y-HREE)-rich accessory phases (i.e. zircon, 
xenotime). A possible restitic origin of garnet from the type-1 granodiorite is suggested by its minor 
abundance, its anhedral morphology, textural relationships (as it is mostly included in plagioclase 






Figure 25. P2O5 (wt.%) vs Fe# ratios for 
garnet from the MTB granitoids. Composition 
of garnet from type-3 monzogranites is not 
plotted since this element was not included in 
the chemical analyses taken from the literature 
(Andonaegui, 1990) and no garnet was found 
in the studied type-3 samples. Note the strong 
enrichment in P2O5 in garnet from the Belvís 
aplitic dike from the perphosphorous type-2 
granitoids. Symbols are as in Figure 24. 
Figure 26. Selected variation diagrams for garnet from the type-1 Azután granodiorite and the 
type-2 aplitic dike. A) Zn vs Li (ppm), and B) Y vs Sc (ppm). Symbols are as in Figure 24. 













II.2.iii.- Other accessory minerals 
Oxide minerals 
Ilmenite is a common oxide mineral present in all granite units, even in the most evolved 
leucogranites. On the contrary, rutile (and other Fe-Ti oxide minerals) has been found only in type-1 
and type-2 granitoids, whereas in type-3 granitoids it seems to be absent (and it has not been cited in 
other previous works; e.g., Andonaegui, 1990). 
 Ilmenite ss. from type-3 granitoids shows MnO contents up to 5.0 wt.%, quite higher than those 
found in ilmenite from type-1 and type-2 granitoids (up to 1.9 and 3.2 wt.%, respectively; Fig. 28; 
Supplementary Tabe 1). Ilmenite from type-1 granitoids is the richest in MgO (up to 0.32 wt.%,), 
whereas in type-2 and -3 granitoids it is always lower than 0.17 wt.% (Fig. 27). Some oxide minerals 
from type-1 and type-2 granitoids (mostly in the leucogranites) present lower FeO (17.8–39.1 wt.%) 
and higher TiO2 concentrations (up to 67.3 wt.%) when compared to ilmenite, similar to pseudorutile 
in composition (Fig. 28; Supplementary Table I). Nevertheless, other Fe-Ti oxide minerals also show 
high MnO contents (up to 11.8 wt.%), with significant amounts of CaO and Na2O (up to 1.2 and 1.0 
wt.%, respectively; Fig. 28; Supplementary Table I), which suggests a high pyrophanite content. In 
addition, these latter oxide minerals from type-2 granitoids show high P2O5 and F concentrations up to 
4.2 and 0.4 wt.%, respectively (Fig. 28; Supplementary Table I). Ilmenite and pseudorutile crystals 
from type-2 granitoids also reach the highest amounts of P2O5 and F (up to 0.5 and 0.07 wt.% in 
ilmenite, and up to 0.8 and 0.12 wt.% in pseudorutile, respectively; Fig. 2). 
Figure 27. Chondrite-normalised REE 
patterns for garnet from the type-1 
Azután granodiorite and the type-2 
aplitic dike surrounding the Belvís 
pluton. Normalising values taken from 




Rutile shows FeO concentrations up to 1.8 and 0.6 wt.% in type-1 and type-2 intermediate 
granitoids, respectively. The TiO2 contents of rutile range from 95 to 100 wt.% (Fig. 28; 
Supplementary Table I). Nevertheless, in type-2 leucogranites the TiO2 concentrations in rutile may 
decrease down to 87.3 wt.% (Fig. 28). This low-Ti rutile crystals usually show featured concentrations 
of other elements, such are FeO or Al2O3 (up to 4.9 and 2.0 wt.%, respectively; Fig. 28; Supplementary 
Table I). Rutile may also includes representative amounts of CaO (up to 0.4 and 1.0 wt.% in rutile 
from types-1 and -2 granitoids, respectively; Fig. 28; Supplementary Table I). It is worth to note that 
the highest P2O5 and F contents are also found in rutile from type-2 granitoids (up to 0.34 and 0.5 
wt.%, respectively; Fig. 28; Supplementary Table I). 
Figure 28. Major-element composition (wt.%) of oxide minerals with respect their FeO contents. 
Coloured areas separate the FeO compositional fields of rutile (red), pseudorurile and phyrophanite 
oxide minerals (yellow) and ilmenite (violet) for easy viewing. Symbols are as in Figure 12. 
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Ilmenite from type-2 granitoids is enriched in almost all trace-elements with respect to that from 
type-1 and type-3 granitoids (Supplementary Table II). Most REE in ilmenite are below detection 
limits (Supplementary Table II). The most abundant elements within ilmenite from these granitoids are 
Zn (up to 1020 ppm) and Nb (up to 1080 ppm), followed by Ta (<125 ppm), Sc (up to 75 ppm), Cr (< 
700 ppm), V (<149 ppm) and Y (<34 ppm) (Fig. 29; Supplementary Table II). Ilmenite from type-1 
and -3 granitoids only shows higher Sc, V and Co contents than that from type-2 granitoids 
(Supplementary Table II). Only one ilmenite from type-3 granitoids shows slightly higher Zr, Th, U, 
Hf and REE concentrations (Supplementary Table II) probably due to the proximity of zircon when 
performing the LA–ICP-MS analysis. It is worth to note that some ilmenite crystals, only found in 
type-2 monzogranites, are highly enriched in Zn (2310–96300 ppm), Nb (between 9450 and 15100 
ppm), Ta (802–2310 ppm), Sc (309–993 ppm), V (up to 3090 ppm), Co (up to 1180 ppm), W (up to 40 
ppm), Mo (up to 22.5 ppm), and even B (23–138 ppm), Li (92–378 ppm) and Be (6–26 ppm) (Fig. 29; 
Supplementary Table II). Their negative Zr anomaly and their relatively lower U–Pb–Th–Hf contents 
(Fig. 29; Supplementary Table II) likely suggest that these ilmenite crystals crystallised close to zircon 
were enriched progressively in the elements described above, similar to ilmenorutile or Nb-bearing 
rutile. 
 
Figure 29. Continental Crust-normalised 
patters of oxide minerals (ilmenite, 
pseudorutile-pyrophanite and rutile) 
from the MTB granitoids. Bulk 
Continental Crust normalising values are 




Pseudorutile and ilmenite-pyrophanite group minerals from type-2 granitoids display high 
concentrations of Zr (<11400 ppm), Hf (<219 ppm), U (<404 ppm), Th (up to 596 ppm), Pb (<925 
ppm), Y (up to 233 ppm), Ba (<363 ppm), Sr (<200 ppm) and REE (up to 9254 ppm) (Fig. 29; 
Supplementary Table II). These minerals are usually related to the natural alteration of ilmenite 
(oxidation and leaching of Fe induced by hydrothermal fluids), favouring the incorporation of other 
cations (i.e., Mn, Pb, REE) and re-ordering in a structure similar (but not equal) to ilmenite (Grey and 
Reid, 1975; Grey et al., 1976). However, the origin of Mn-rich ilmenite has also been related to the 
enrichment in Mn relative to Fe through the evolution of S-type melts (Tsusue, 1973; Czamanske and 
Mihalik, 1972), due to melt crystallisation at low temperatures and high oxygen fugacities (Anderson, 
1968; Czamanske and Mihálik, 1972; Neumann, 1974), which also lead to the change of Fe oxidation 
conditions during crystallisation (Snetsinger, 1969). The low MnO contents in these oxide minerals 
(<11 wt.%) when compared to those generated by hydrothermal alteration, the absence of magnetite 
(which suggest low fO2), the high Mn/Fe ratios and the high calculated crystallisation temperatures of 
these leucogranites (750–650 °C; Table 1), support a magmatic origin for these oxide minerals through 
the progressive substitution of Mn for Fe in ilmenite. In fact, the common presence of Mn-Fe-rich 
ilmenite in many granite suites leads other authors to suggest a magmatic origin for these oxides (e.g., 
Neiva, 1987; Villaseca and Barbero, 1994; René, 2011).  
On the contrary, rutile from type-2 granitoids only shows higher contents of Nb (up to 3480 
ppm), Ta (<744 ppm) and W (up to 70 ppm) than that from type-1 granitoids (Fig. 29; Supplementary 
Table II), which present considerable amounts of Sc (up to 79 ppm) and V (<148 ppm) 
(Supplementary Table II). Some rutile crystals present higher Zn, Nb, Ta, U, Pb, Th, Hf, Zr and REE 
concentrations, probably associated with crystallisation of these phases not spatially related to zircon 
(Fig. 29; Supplementary Table II). Nevertheless, (Zr-Nb-Ta)-rich rutile has also been found in some 
Variscan granite pegmatites (South Mountain Batholith, Nova Scotia (Carruzzo et al., 2006), and has 
been interpreted to reflect the crystallisation of rutile under H2O-saturated conditions, probably related 
to variable element partitioning through proggresive granite melt differentiation (Carruzzo et al., 2006; 
Meinhold et al., 2010). 
 
Zircon 
The trace-element composition of magmatic and inherited zircons from the studied granitoids is listed 
in Supplementary Table II. All the trace-element analyses were performed in zircons with known U–
Pb age and Hf isotopic composition (see chapters V.3 and VI.3). In this section the main chemical 
features of magmatic zircons from the MTB granitoids is presented, although part of the trace-element 
composition of zircon is further discussed in chapters IV.4.ii and VI.4.i. The Ti content in magmatic 
zircons is represented by the following ranges: 2–34 ppm, 4–66 ppm and 6–31 ppm in type-1 to types 
-2 and -3 granitoids, respectively. Nevertheless, some analyses in type-2 granitoids yield high Ti 
concentrations (105–507 ppm; Supplementary Table II), and some of them show enrichments in other 
elements (i.e., Zn, Be, Ta, Nb, U, Pb, Hf, Y, REE). These analyses are not discussed in this section, as 
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they are probably related to small inclusions (i.e., Fe-Ti oxide minerals) in zircon or to late-stage 
mineral-fluid interaction processes (e.g., Harley et al, 2007), since these anomalous concentrations are 
usually found in zircon rims. 
There are no important differences regarding the trace-element composition of magmatic zircons 
from both the western and eastern segments (Figs. 30A, B). Variscan zircon composition varies from: 
Hf (7120–15732 ppm), Th (14–687 ppm), U (35–2150 ppm), Y (360–4821 ppm), Ta (0.2–6.3 ppm) 
and HREE (216–3197 ppm); although those from the type-2 W-MTB granitoids present higher LREE 
contents (up to 202 ppm) than E-MTB zircons (up to 70 ppm). Zircons from type-2 granites also have 
higher Th/U, Ce/Sm, Eu/Eu* and U/Ce ratios than the E-MTB zircons (Fig. 30B). On the contrary, 
magmatic zircons from the Azután pluton show the lowest Zn, Y, Nb, Hf, Pb, Th, U and REE contents 
and Eu/Eu* ratios, although the highest Yb/Gd and U/Ce ratios (Figs. 30A, B).  
As occurs in most minerals from type-2 granitoids, zircon from this peraluminous series is 
enriched in phosphorous (P2O5 up to 12.26 wt.%), with the highest contents corresponding to the most 
fractionated granites (the Belvís de Monroy pluton; Supplementary Tables I and II; although Pérez-
Soba et al., 2014, reported P2O5 contents up to 14.91 wt.%). In general, the P content in zircon is 
positively correlated with the Y-REE values and negatively with the Zr and Si concentrations, typical 
of the the xenotime substitution (e.g., Hanchar et al. 2001; Belousova et al., 2002; Hoskin and 
Schaltegger 2003; Hanchar and van Westrenen, 2007; Harley and Kelly, 2007, and references therein). 
In addition, the Th and U contents in zircon cores also increase correlatively with the increment of Y-
REE, typical behaviour of monazite-cheralite substitution (Belousova et al., 2002; Linthout, 2007; 
Pérez-Soba et al., 2014). The highest Y, U and REE contents are found in some zircon rims (Fig. 30A; 
Supplementary Table II; Pérez-Soba et al., 2014). U is enriched in zircon from type-2 leucogranites 
(up to 2150 ppm), which present the lowest Zr concentrations (Supplementary Table II). On the 
contrary, Th, Y and REE contents in zircon decrease from the intermediate to the most fractionated 
type-2 units (Fig. 30; Supplementary Table II). Zircon from type-3 granitoids has higher Y (up to 4821 
ppm), U (up to 1186 ppm), Th (up to 687 ppm) and REE contents (up to 3566 ppm) than that from 
type-1 granitoids (Figs. 30A, 31; Supplementary Table II). 
Although most zircon grains, either magmatic or inherited, present similar chondrite-normalised 
REE patterns, with a significant increment of HREE with respect to MREE and LREE (Fig. 31), four 
different main groups may be distinguished: i) the most common zircon pattern displays moderate to 
high positive Ce anomaly and a pronounced negative Eu anomaly, both in magmatic and inherited 
zircons from the Belvís, Peraleda, Aldeanueva and Mora-Las Ventas plutons, in some inherited grains 
from the Azután pluton, and in all the magmatic zircons from the Madridejos granite (Fig. 31); ii) 
zircon cores and rims without Ce anomaly, moderate to high negative Eu anomaly, and high REE 
concentrations (more pronounced in the analysed rims, Fig. 31), found in magmatic and inherited 
grains from the Belvís, Navalmoral, Peraleda and Mora-Las Ventas plutons, and in the inherited grain 
of the Madridejos granite; iii) zircons with flat HREE patterns, with low Y and Ce contents, only 
found in magmatic zircons from the Belvís, Navalmoral, Peraleda, Azután and Madridejos plutons 




to 1 times the chondritic values), moderate to high Ce contents (from 1 to 200 times the chondritic 
values), a strongly marked negative Eu anomaly, and relatively high HREE contents (Fig. 31). This 
latter pattern is found in some magmatic zircons from the Belvís pluton, one inheritance from the 
Peraleda monzogranite, and most of the magmatic and inherited zircon grains from the Navalmoral 
and the Azután plutons. It is noteworthy that the E-MTB granites do not present this trend, neither in 























Figure 30. Trace-element composition of magmatic and inherited (shaded areas) 
zircons from the MTB granitoids. A) Hf vs. selected trace elements (in ppm); B) 
(Gd/Yb)n ratios vs. different trace elements (in ppm) and trace-element ratios. 
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Figure 31. REE chondrite-normalised REE patterns of magmatic and inherited zircons 
from the MTB granitoids. Normalising values from Sun and McDonough (1989). 
 
(P, Y, REE, U)-rich accessory minerals (apatite, monazite, xenotime) 
Apatite from the MTB granitoids shows MnO, FeO and Na2O contents lower than 1.7, 1.2 and 1.5 
wt.%, respectively (Fig. 32; Supplementary Table I). It is interesting to note that some apatite crystals 
from the most evolved leucogranite unit of the Belvís pluton usually present higher concentrations of 
those elements (MnO, FeO and Na2O up to 4.6, 3.7 and 0.9 wt.%, respectively) and lower amounts of 
CaO, P2O5 and F (Fig. 32; Supplementary Table I). The highest F contents are found in apatite from 




samples; Fig. 32; Supplementary Table I), much higher than in apatite from SCS S-type granites (2.6 
to 4.0 wt.% F; Clarke et al. 2005). Apatite from type-1 granitoids shows F concentrations ranging from 
3.5 to 4.0 wt.%, whereas in type-3 granitoids they are between 2.9 and 4.1 wt.%; Fig. 32; 
























Apatite from type-2 monzogranites usually shows higher concentrations of Nb, Ta, Th, U and 
REE than that from the other peraluminous series (Supplementary Table II). In general, all the Y-
REE-rich phases from type-2 granitoids (zircon, apatite, monazite and xenotime) usually show higher 
U and Th values than those from type-1 and -3 granitoids (Fig. 33). Nevertheless, apatite considerably 
increases its Ba, Rb, Sr, Cs, B, Li, Be, Sc, Zn, Mo, W, Bi, Y, Hf, U, Pb and Th contents from the 
intermediate to the most felsic units of type-2 granitoids, reaching the highest values of all analysed 
crystals (Fig. 33; Supplementary Table II). The Fe-rich apatite from type-2 leucogranites is usually the 
most enriched in those elements (except for U, Th and Hf; Supplementary Table II). This Fe-rich 
apatite shows the lowest Y-REE concentrations of all analysed apatite crystals, some of them below 
detection limits (Fig. 33; Supplementary Table II). Some apatites from type-1 granitoids are slightly 
richer in Rb, Cs and V than types-2 and -3 intermediate granitoids (Supplementary Table II).  
Figure 32. P2O5 variation diagrams with respect to MnO, FeO, Na2O and F in apatite from the 
MTB granitoids. Note the extreme variation of these components in the type-2 leucogranite units. 




Figure 33. U–Th composition (ppm) of the accessory minerals apatite, monazite and xenotime 
from the MTB granitoids. Zircon data is included for comparison Symbols are as in Figure 32. 
 
Monazite from type-2 granitoids usually shows slightly higher U contents and higher depletions 
in HREE than that from types-1 and -3 granitoids (Figs. 33, 34). In general, monazite from type-3 
granitoids usually presents higher Pb (up to 2320 ppm), Y (up to 34700 ppm) and HREE (up to 42000 
ppm) contents than that from types-1 and -2 granitoids (Fig. 33; Supplementary Table II). It is 
important to highlight that monazite from the most evolved type-2 leucogranites (Belvís pluton) 
present higher CaO contents (up to 6.85 wt.%; Supplementary Table I; Pérez-Soba et al., 2014) and is 
highly enriched in most trace-elements (Li up to 210 ppm; Be up to 55 ppm; B up to 173 ppm; Zn up 
to 465 ppm; Rb up to 160 ppm; Sr up to 825 ppm; Ba up to 180 ppm; Cs up to 112 ppm; Zr up to 
1370; Supplementary Table II; Pérez-Soba et al., 2014). Monazite from this highly fractionated granite 
reaches the highest UO2 contents (up to 23.13 wt.%; Pérez-Soba et al., 2014) reported in monazite 
from granitic pegmatites (UO2 up to 15.64 wt.%; Gramaccioli and Segastald, 1978) or from other 
granite rocks (UO2 up to 13.8 wt.%; Bea, 1996) (see Pérez-Soba et al., 2014). In addition, some 
monazite grains of this intrusion also show the highest Y2O3 concentrations found in granites (up to 
7.8 wt.%; Supplementary Table II; Pérez-Soba et al., 2014; Förster, 1998a reported Y2O3 
concentrations in monazite up to 4.7 wt.%; Supplementary Table II). 
The scarce xenotime analyses from type-2 granitoids show a higher enrichment in Ca and U 




enrichment is much more pronounced in xenotime from type-2 leucogranites, which shows the lowest 
Th and Y contents of all analysed xenotime crystals (Fig. 33 Supplementary Table II). This behaviour 
in xenotime is interpreted as due to the brabantite and thorite-coffinite substitutions, commonly shown 
in S-type granites (Förster, 1998b). Pérez-Soba et al. (2014) described the UO2 contents found in 
xenotime from the Belvís pluton as the highest reported up to date (up to 13.3 wt.%). Other trace 
elements exhibiting considerably high concentrations in xenotime from this leucogranite are Li (up to 
95 ppm), Sc (up to 170 ppm), Zr (up to 1640 ppm) and Hf (up to 58 ppm) (Supplementary Table II). 
The chondrite-normalised REE composition of the Y-REE-rich accessory phases (apatite, 
zircon, monazite and xenotime) from the MTB granitoids is shown together in Figure 34 for 
comparison. These accessory minerals are the main host of Y-REE (e.g., Wark and Miller, 1993; Bea, 
1996; Hanchar and van Westrenen, 2007, and references therein). The negative Eu anomaly found in 
most accessory phases from all the MTB granitoids commonly represents growth in the presence of 
coexisting feldspars (e.g., Rubatto and Hermann, 2007), as they control this element partitioning 
(Kontak and Martin, 1997, and references therein).  
Nevertheless, it is important to highlight that some apatite crystals from type-1 and type-2 
granitoids present low REE contents with a positive Eu anomaly (Fig. 34; Supplementary Table II). 
Similar REE patterns in apatite from other peraluminous granites have been adscribed to represent the 
effect of magma mixing, crustal contamination or the influence of a heterogeneous crustal source (e.g., 
Chu et al., 2009). As occurs in the studied samples (see next section), the bulk composition of these 
magmas shows slight to strong Eu depletions, which are inconsistent with these positive Eu anomalies 
in apatite. This feature is contrary to that found in apatite with higher REE concentrations, which show 
a highly pronounced negative Eu anomaly (see the extreme depletion in apatite from type-2 
leucogranites; Fig. 34). No apatite with low REE contents or a positive Eu anomaly is found in type-3 
granitoids (Fig. 34). In the type-2 peraluminous series, it is worth to note that the positive Eu anomaly 
in apatite corresponds to those leucogranite samples having feldspars with a negative Eu anomaly 
(Fig. 15). Hence, the precipitation of this Eu-rich apatite, in combination with ongoing fractionation 
(with the subsequent partition of Eu therein feldspars through fractionation), might explain the 
progressive Eu depletion found in feldspars from the most evolved type-2 granites (e.g., Weill and 
Drake, 1973; Leeman and Phelps, 1981; Smith and Brown, 1988; Stix and Gorton, 1991; Kontak and 
Martin, 1997), which ultimately reflects the competition between the main and accessory crystallising 
phases that host Eu in their structure. 
In general, the rare-earth element composition of zircon, monazite and xenotime is typical of 
granitoid rocks (Förster, 1998a, b; Bea, 1996; Belousova et al., 2002).  It is worth to note that some 
zircons from types-1 and -2 granitoids are highly depleted in LREE, suggesting co-crystallisation with 
other LREE-rich phases (i.e., monazite; Fig. 34). These zircon grains present a marked positive Ce 
anomaly, typical of a primary magmatic signature (e.g., Hanchar and van Westernen, 2007; Rubatto 
and Hermann, 2007). On the contrary, other zircon grains from type-2 leucogranites present higher 
LREE concentrations with no Ce anomaly, which is usually interpreted as suggesting the possible 
inclusion of small monazite crystals within zircon (e.g., Nagasawa, 1970; Hanchar and van Westrenen, 
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2007). A common HREE-flat pattern is found in zircon from all the MTB peraluminous series, also 
suggesting crystallisation of zircon in equilibrium with other HREE-rich phases (i.e., xenotime and/or 

















It is interesting to note the REE behaviour found in the studied accessory minerals through 
differentiation. Monazite increases and decreases its LREE and HREE contents, respectively, from the 
intermediate to the most felsic granitods. Zircon shows similar REE patterns both in the monzogranite 
and leucogranite units: they show low contents of LREE and a pronounced enrichment of HREE in 
almost all cases. The REE patterns of xenotime are similar to those found in other peraluminous 
Variscan granites from eastern Europe (Erzebirge; Förster, 1998b): the high HREE-patterns are found 
in xenotime from monzogranite units, whereas the lowest La-HREE concentrations correspond to 
xenotime from leucogranites (Förster, 1998b). Xenotime from type-2 leucogranites presents the lowest 
concentrations of REE that would be in accordance with the highly fractionated (and depleted) 
character of these residual melts (Table 1). Apatite also considerably decreases its REE concentrations 
from the intermediate to the most felsic type-2 granites. Hence, the distribution of LREE and HREE in 
the MTB felsic magmas was mainly controlled by monazite and zircon, respectively, which induced a 
depletion of these elements in the other rock-forming minerals during differentiation. 
Figure 34. Chondrite-nomalised REE patters of Y-REE-rich minerals (apatite, zircon, monazite and 






Most MTB granites display silica contents in the range 69 to 77 wt.%, except a few more mafic 
granitoids (granodiorites), which show 62–67 wt.% SiO2 (Fig. 35; Table 1). All the intrusions from the 
Montes de Toledo batholith have a peraluminous character (ACNK > 1), although in types-1 and -2 
granitoids this parameter is higher (ACNK = 1.1–2.1) than in type-3 series (ACNK ≤ 1.2; Fig. 35). 
Type-1 granitoids decrease considerably their peraluminousity with differentiation, whereas the 
intermediate and more evolved types-2 and -3 granitoids display constant (or slightly increasing) 





Type-1 intermediate granitoids show the highest peraluminous degree and Fe-Mg-Ti contents of 
all MTB granitoids (Figs. 3, 35, 36; Table 1). They define a long peraluminous trend from the most 
mafic facies (SiO2 between 62.5 and 65.5 wt.%; Figs. 35, 36; Table 1), which plot in the extremely 
high peraluminous field (ehP), following a strong decrease of peraluminousity and mafic components 
towards the most evolved terms (fP) (Figs. 3, 36; Table 1). Type-1 granitoids show high metals (FeOt, 
MgO, MnO, Ni, V), Rb, Y and REE contents and low P2O5, CaO, Na2O, Sr, Hf and U concentrations 
(Figs. 36, 37, 38; Table 1), similarly to other restite-rich granitoids from the neighbouring ACT (the 
Layos granodiorite; Andonaegui, 1990; Barbero, 1992b; Barbero and Villaseca, 1992; Barbero et al., 
1995). 
In the A-B diagram (Fig. 3) type-2 granitoids plot in the highly peraluminous field (hP), and 
they are characterised by an initial slight decrease of peraluminousity followed by a latter increase 
towards the most fractionated facies (Figs. 3, 35; Table 1). Most type-2 granitoids usually display high 
K2O, P2O5, Rb, Ta, U, LREE contents and low CaO, Na2O, FeO, MnO, Ba, Sr, Cs and Y 
concentrations (Figs. 36, 37; Table 1). Some of the most evolved granites (e.g., the Belvís pluton; Fig. 
2) are enriched in Al2O3, Na2O, Be, U, Ta, Cs, Sn and Ge, and depleted in K2O, Zr, Th and Y-REE 
(Figs. 36, 37; Table 1). Type-2 granitoids stand out by the highest P2O5 concentrations of all granitoid 
Figure 35. ACNK vs SiO2 contents of the MTB 
granitoids. The composition of the MTB 
granitoids is shown in Table 1. Data from type-3 
granitoids are also taken from Andonaegui 
(1990). The composition of the Layos restite-rich 
granitoids from the Anatectic Complex of Toledo 
(dotted-line field; Andonaegui, 1990; Barbero 
and Villaseca, 1992; Barbero, 1992b; Barbero et 
al., 1995) and that of S-type granitoids from the 
Spanish Central System (S-type SCS, grey field; 
Villaseca et al., 1998b) is plotted for comparison. 
Chapter II.- The S-type Montes de Toledo batholith 
 
 100 
series (up to 0.9 wt.% in the most evolved units of the Belvís leucogranite; Fig. 33). This enrichment 
trend of P through differentation is typical of other peraluminous granites of the south-western 
Central-Iberian Zone (Cabeza de Araya batholith: Bea et al., 1994a; Gata Plutonic Complex: Hassan 











Figure 36. Major element variation diagrams for the studied MTB granitoids. Dashed 
line and grey areas represent the compositional field of Layos restite-rich granitoids 
from the ACT (dashed-line field; Andonaegui, 1990; Barbero and Villaseca, 1992; 
Barbero, 1992b; Barbero et al., 1995) and the S-type granitoids from the SCS batholith 




Type-3 granitoids have the lowest peraluminousity of all the MTB granitoids, even in the most 
evolved samples (Figs. 3, 35; Table 1). They plot in the moderately peraluminous field of the A-B 
diagram (mP; Fig. 3), showing a slightly increase of peraluminousity towards the most evolved terms. 
Type-3 granitoids have the highest CaO and the lowest P2O5 contents of the studied granitoid series 
(Fig. 36; Table 1; Andonaegui, 1990). Furthermore, they usually display higher Na2O, FeOt, MnO, Sr 
and Y-HREE and lower K2O, Rb and LREE concentrations than the other MTB granitoids (Figs. 36, 
37, 38; Table 1). Type-3 leucogranites show a higher depletion in Ba, Nb, Rb, Eu and Sr and a less 
marked depletion in Y-HREE than the leucogranites from the other series (Figs. 37, 38), similarly to 




Figure 37. Trace-element composition of the studied MTB granitoids. The composition of restite-rich 
granitoids from the ACT (Layos granodiorites; Andonaegui, 1990; Barbero and Villaseca, 1992; Barbero, 
1992b; Barbero et al., 1995) and the S-type granitoids from the SCS batholith (Villaseca et al., 1998b) are 
plotted for comparison (dashed-line and grey fields, respectively). Symbols are as in Figure 35. 
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The chemical evolution of the MTB granitoids is also clearly shown in Figure 38. Types-1 and -
2 granitoids are more enriched in Zr, Ce, Th and LREE than type-3 granitoids, which usually present 
higher Y contents. All these series decrease the concentration of these elements towards the most 
evolved facies. Nevertheless, it is important to note the behaviour of the U/Th ratios of type-2 
granitoids through differentiation. The U/Th ratios found in the most evolved type-2 leucogranites (the 
Belvís pluton) yield the highest values found in of all granite types (U/Th up to 20, whereas in the rest 
of the granitoids this ratio is always lower than 1; Fig. 38, Table 1). The positive correlation between 
maficity and the trace elements Zr, Y, Th, LREE and HREE (Fig. 37), together with the chemical 
trends shown in Figure 38, have been related to the entrainment of peritectic and accessory minerals 
(i.e., zircon, monazite, garnet; e.g., Stevens et al., 2007; Villaros et al., 2009). Nevertheless, the 
geochemical features of the MTB granitoids also point to the involvement of contrasting sources (see 



















Figure 38. Selected trace element variation diagrams (in ppm) of the MTB granitoids. The composition of 
the Layos restite-rich granitoids from the Anatectic Complex of Toledo (ACT, dotted-line field; 
Andonaegui, 1990; Barbero and Villaseca, 1992; Barbero, 1992b; Barbero et al., 1995) and the S-type 
granitoids from the SCS batholith (S-type SCS, grey field; Villaseca et al., 1998b) are also plotted for 
comparison. It is clearly shown the different geochemical evolution of the distinct peraluminous series from 




The bulk continental crust-normalised trace-element composition and the chondrite-normalised 
REE patterns of the Montes de Toledo granitoids are shown in Figure 39. The bulk continental crust-
normalised patterns of type-1 granites show almost flat trends (crust-like compositions), becoming 
slightly more spiky towards the most evolved granites (Fig. 39A). It is remarkable the short 
fractionation of Rb-Sr-Ba found in type-1 leucogranites, and the higher depletion in LREE with 
respect to the HREE (Figs. 37-39; Table 1). These granitoids show high La/Yb ratios, although the 
maximum LREE/HREE ratios are slightly lower than those from type-2 granitoids (Figs. 38, 39). An 
almost flat chondrite-normalised REE pattern with a slightly positive Eu anomaly is found in the 
leucogranite unit (Fig. 39B), quite similar to that found in leucosomes and leucogranites from the 
Anatectic Complex of Toledo (Barbero and Villaseca, 1992). 
The bulk continental crust-normalised trace-element trends of type-2 granitoids display an 
increasing degree of fractionation through increases the evolution of these melts (Fig. 39A), which is 
shown by flat crust-like patterns in the biotite granites and more spiky profiles in the leucogranites 
(Fig. 39A). These patterns are very similar to those of cordierite-bearing S-type granites from the 
Lachlan Fold Belt and to the Himalayan leucogranites, respectively (Kemp and Hawkesworth, 2003). 
Most elements are highly depleted in the most evolved units which, on the contrary, show the highest 
enrichments in incompatible elements (Rb, Nb, Ta, U, Pb and P; Fig. 39A; Table 1). The chondrite-
normalised REE patterns from type-2 granitoids are quite different to those found in the other series 
(Fig. 39B). They show quite higher LREE and lower HREE than types-1 and -3 granitoids (Fig. 39B; 
Table 1), even in the most evolved leucogranites (chondrite-normalised LREE/HREE ratios >> 1), 
with the exception of only one highly evolved aplitic granite from the Valdeverdeja pluton, which 
shows an irregular chondrite-normalised pattern with low LREE and HREE and high MREE, but still 
with chondrite-normalised LREE/HREE ratios higher than 1 (Fig. 39B; Table 1). 
As previously mentioned, the most felsic type-3 leucogranites show the highest depletions in Ba 
and Eu and present the maximum Y-HREE concentrations of all the MTB peraluminous series (Figs. 
38, 39; Table 1). In fact, the most evolved leucogranites develop a wing-shaped REE trend (chondrite-
normalised LREE/HREE ≈ 1), not shown in the other series (Fig. 39B). The absence of a significant 
increase in Th, Y and HREE contents towards higher SiO2 concentrations is a feature typical of S-type 
granite suites (e.g., Villaseca et al. 1998b). Nevertheless, type-3 granitoids show the highest Y-HREE 
contents of all peraluminous types, even in their most fractionated units (Figs 37-39). In general, the 
bulk-rock geochemistry and fractionation patterns of type-3 granitoids are likely similar to that of S-
type peraluminous intrusions from the SCS batholith (Figs. 36-39; Villaseca et al., 1998b). 
The contrasting major and trace-element concentrations and patterns of the three peraluminous 
series from the Montes de Toledo batholith may account for differences in the fractionation process, 
the involvement of different proportions of fractionating minerals, also reflected in the different 
mineral chemistry, but they also testify for the involvement of distinct crustal sources in the generation 
of these granitoid melts (see chapter VI). The relatively flat HREE patterns of all these MTB granites, 
suggest absence of garnet in the source and, therefore, partial melting taking place at middle crustal 
levels. This feature is common to many strongly peraluminous granites (e.g., Rossi et al., 2002). 






Figure 39. Trace-element composition of the MTB granitoids. A) Bulk-Continental Crust (Rudnick and Gao, 
2003) normalised patterns of type-1, type-2 and type-3 granitoids, respectively. B) Chondrite-normalised REE 
patterns (Sun and McDonough, 1989) of type-1, type-2 and type-3 granitoids, respectively. Compositional 
field of the Layos granodiorites from the Anatectic Complex of Toledo (ACT, dark grey field; Andonaegui, 
1990; Barbero and Villaseca, 1992; Barbero, 1992b; Barbero et al., 1995) and the S-type granitoids from the 




Table 1. Whole-rock (wt.%) and trace-element (ppm) composition of the MTB granitoids. 
 
 W-MTB 
Sample 110217 110218 110219 111369 111371 106821  106792 106793 106796 111329 112106 
 Belvís Belvís Belvís Belvís Belvís Pluton Azután Azután Azután Azután Azután Azután 
 de Monroy de Monroy de Monroy de Monroy de Monroy 
Peraluminous Type-1  Type-1  Type-1  Type-1  Type-1  Type-1   Type-2 Type-2 Type-2 Type-2 Type-2 
type hP ehP ehP ehP fP hP  fP fP fP fP fP 
Coordintes:X 329,000  328,050  328,050  328,350  328,600  327,100   276,450  277,800  277,800  276,450  277,250  
                  Y 4,406,450 4,405,550 4,405,550 4,408,350 4,407,150 4,405,350  4,411,000 4,410,000 4,410,350 4,411,000 4,411,950 
SiO2 66.74 63.41 62.54 65.47 74.65 65.34  73.34 74.51 74.08 72.71 72.02 
Al2O3 15.21 18.92 18.35 16.33 14.36 15.61  15.17 14.85 14.87 14.44 14.75 
FeOt 5.28 6.30 6.13 6.63 0.59 5.01  0.50 0.37 0.90 0.52 1.07 
MnO 0.05 0.08 0.06 0.06 0.02 0.06  0.05 0.02 0.02 0.01 0.02 
MgO 1.29 2.36 2.31 2.31 0.19 1.55  0.09 0.06 0.19 0.30 0.24 
CaO 1.64 0.70 0.63 1.00 0.69 1.33  0.39 0.41 0.46 0.56 0.51 
Na2O 2.92 2.10 2.16 2.50 3.21 2.73  4.11 4.30 3.77 4.21 3.57 
K2O 4.68 4.13 4.03 3.09 5.87 4.18  3.84 3.68 3.96 3.80 4.60 
TiO2 1.09 0.75 0.68 0.83 0.16 0.70  0.04 0.03 0.10 0.04 0.11 
P2O5  0.50 0.15 0.21 0.31 0.33 0.27  0.85 0.76 0.63 0.66 0.53 
LOI 1.19 1.69 3.03 1.70 0.72 1.87  0.99 0.94 1.19 1.64 1.10 
Total 100.60 100.60 100.10 100.20 100.80 98.65  99.37 99.92 100.20 98.90 98.53 
ACNK 1.18 2.06 2.03 1.76 1.11 1.37  1.30 1.26 1.31 1.20 1.25 
A 46.19 190.68 182.18 138.33 28.83 81.86  69.49 59.76 69.53 46.72 58.25 
B 111.72 146.78 142.63 150.69 14.06 109.94  9.00 6.50 17.24 14.51 20.78 
Ba 701 721 626 447 439 628  16 16 63 47 73 
Rb 253 179 179 158 166 208  569 430 459 428 354 
Sr 153 153 125 124 87 135  48 123 97 110 29 
Be 3 4 5 5 < 1 3  54 33 18 23 6 
Cs 7.7 9.8 10.6 13.7 9.0 11.0  13.7 16.9 70.6 31.5 17.6 
Sn 2 2 2 6 11 7  34 23 50 44 20 
Zn 130 60 60 110 < 30 110  60 40 50 40 60 
Co 12 20 17 20 8 14  < 1 < 1 < 1 5 7 
Sc 10 15 12 16 1 10  1 <1 2 1 2 
V 58 96 89 117 6 70  <5 <5 <5 < 5 8 
Cr 40 110 90 90 < 20 50  <20 <20 30 < 20 < 20 
Ni < 20 50 40 40 < 20 30  < 20 < 20 < 20 < 20 < 20 
Cu 20 20 30 30 < 10 20  < 10 < 10 < 10 < 10 < 10 
Ge 1.3 1.6 1.4 1.6 2.0 1.8  2.8 2.8 2.3 3.4 2.5 
Sb 0.7 0.8 1.1 < 0.2 < 0.2 < 0.2  < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
W 29.6 36.1 39.3 25.2 65.8 25.3  1.8 2.0 6.4 38.2 58.4 
Tl 2.25 0.70 0.84 0.87 0.81 1.13  3.49 2.27 2.98 2.25 2.13 
Bi 0.4 0.2 0.6 0.5 0.3 0.2  2.1 1.1 3.3 2.2 10.8 
Ga 24 24 25 22 14 25  21 20 21 19 23 
Ta 1.46 1.29 1.25 1.20 0.51 1.55  4.98 5.29 5.34 3.66 2.38 
Nb 18.1 13.4 13.2 12.6 2.9 13.5  14.4 11.7 13.5 13.3 13.7 
Zr 352 150 160 262 74 197  28 20 44 34 46 
Y 27.4 33.1 25.0 35.0 13.5 22.0  2.1 2.9 7.3 4.1 8.1 
Hf 9.3 4.0 4.5 6.0 2.0 4.6  1.4 1.3 1.6 1.3 1.6 
Pb 23 13 12 17 47 25  10 10 18 20 27 
Th 37.70 12.70 18.20 10.90 2.32 19.60  0.73 0.59 1.90 1.21 2.82 
U 4.68 3.32 4.56 5.20 1.93 6.14  13.50 11.50 6.82 10.50 12.40 
La 64.00 39.30 43.90 32.90 6.54 38.80  1.73 1.46 5.00 2.65 6.62 
Ce 142.00 76.70 88.80 70.50 13.90 86.20  3.84 3.23 11.30 6.09 13.90 
Pr 19.50 9.62 11.30 9.15 1.84 9.43  0.42 0.35 1.30 0.75 1.77 
Nd 67.10 30.80 37.10 37.60 7.22 34.80  1.62 1.47 5.38 2.85 6.57 
Sm 12.50 6.09 7.36 7.99 1.94 6.74  0.37 0.38 1.34 0.77 1.82 
Eu 1.40 1.36 1.33 1.25 0.75 1.00  0.03 0.03 0.15 0.07 0.18 
Gd 8.61 5.11 5.63 6.90 2.08 5.33  0.38 0.41 1.45 0.81 1.73 
Tb 1.17 0.92 0.89 1.07 0.39 0.76  0.07 0.09 0.28 0.14 0.32 
Dy 5.89 5.56 4.93 6.41 2.35 3.78  0.38 0.51 1.47 0.78 1.63 
Ho 0.96 1.17 0.92 1.31 0.47 0.73  0.06 0.08 0.20 0.13 0.24 
Er 2.44 3.44 2.47 3.92 1.38 1.95  0.15 0.21 0.48 0.33 0.53 
Tm 0.33 0.52 0.36 0.57 0.20 0.30  0.02 0.03 0.07 0.04 0.08 
Yb 1.85 3.30 2.24 3.51 1.26 1.92  0.13 0.18 0.39 0.25 0.43 
Lu 0.26 0.48 0.32 0.51 0.18 0.30  0.02 0.02 0.05 0.03 0.06 
T W&H 869 830 835 877 734 828  673 649 707 681 706 
T M 833 856 863 842 730 823  692 685 736 703 740 
 
Total FeO as Fe2O3. T W&H: Zircon saturation temperatures (in ºC) calculated according to Watson and Harrison 
(1983) geothermometer. T M: Monazite saturation temperatures (in ºC), according to Montel (1993) 
geothermometer, calculated at 1% H2O. Other whole-rock geochemical data from type-3 granitoids shown in the 
figures have been taken from Andonaegui (1990).  
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Table 1. (Continued). 
 
 W-MTB 
Sample 106797 106804 110182 110183 110184 110185 111373 112400 106805 106810 
Navalmoral Navalmoral Navalmoral Navalmoral Navalmoral Navalmoral Navalmoral Navalmoral Peraleda Peraleda Pluton de la Mata de la Mata de la Mata de la Mata de la Mata de la Mata de la Mata de la Mata  de San Román de San Román 
Peraluminous Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 
type hP hP hP fP hP hP hP hP hP hP 
Coordintes:X 282,700  283,450  284,600  284,600  287,350  287,350  284,200  283,100  291,900  292,950  
                  Y 4,404,500 4,405,150 4,412,050 4,412,050 4,409,600 4,409,600 4,405,400 4,413,750 4,404,500 4,403,800 
SiO2 71.52 71.33 68.63 74.48 64.95 65.86 69.60 65.48 70.21 69.96 
Al2O3 13.71 15.11 15.66 13.72 16.15 15.73 14.92 16.62 15.47 15.41 
FeOt 3.40 2.36 2.38 1.31 4.57 3.85 2.73 5.06 2.58 3.01 
MnO 0.04 0.03 0.04 0.02 0.07 0.06 0.04 0.07 0.03 0.04 
MgO 0.84 0.67 0.73 0.41 1.82 1.65 0.76 1.67 0.93 1.04 
CaO 1.34 0.85 1.04 0.57 2.48 2.46 0.95 2.10 1.06 1.40 
Na2O 2.57 3.07 3.16 3.36 2.60 2.90 2.98 2.62 3.04 3.08 
K2O 4.63 5.43 5.13 4.43 3.80 3.38 4.85 4.28 4.79 4.56 
TiO2 0.55 0.39 0.38 0.20 0.87 0.76 0.43 0.92 0.44 0.53 
P2O5  0.29 0.38 0.63 0.37 0.30 0.28 0.41 0.34 0.47 0.41 
LOI 0.71 0.78 1.19 0.97 1.19 1.35 0.93 1.52 1.27 0.84 
Total 99.62 100.40 98.96 99.82 98.80 98.28 98.59 100.70 100.30 100.30 
ACNK 1.17 1.21 1.24 1.21 1.25 1.22 1.26 1.30 1.28 1.23 
A 39.84 51.68 59.15 46.29 63.64 55.35 59.60 75.60 65.80 56.07 
B 70.30 51.06 52.65 29.03 113.25 98.60 58.43 116.33 60.89 70.13 
Ba 493 474 355 144 826 770 376 940 441 549 
Rb 260 263 274 231 145 162 246 179 255 277 
Sr 105 94 102 64 404 376 87 341 126 170 
Be 5 6 10 6 2 3 11 3 8 5 
Cs 14.5 19.3 23.2 15.4 5.3 11.6 26.3 4.8 20.6 18.6 
Sn 9 11 7 5 1 2 18 3 9 7 
Zn 70 50 60 50 60 50 70 110 80 80 
Co 5 3 59 37 8 8 5 11 4 5 
Sc 7 5 4 3 9 8 5 10 5 5 
V 32 27 23 11 71 61 23 72 35 34 
Cr 30 40 30 30 40 50 < 20 30 30 80 
Ni < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 
Cu < 10 < 10 20 20 10 20 < 10 10 < 10 < 10 
Ge 1.4 1.5 1.2 1.2 1.1 1.4 1.9 1.9 1.3 1.3 
Sb < 0.2 < 0.2 0.4 0.8 0.3 1.1 < 0.2 < 0.2 < 0.2 < 0.2 
W 2.6 3.1 44.9 44.6 6.4 7.8 21.7 21.6 1.6 2.6 
Tl 1.53 1.58 1.48 1.86 1.49 0.67 1.25 1.27 1.55 1.64 
Bi 0.9 1.5 1.0 2.7 < 0.1 0.7 0.6 0.3 1.8 0.6 
Ga 21 20 22 19 23 20 21 24 22 23 
Ta 1.67 1.67 1.91 1.21 0.90 0.89 1.71 0.92 1.42 1.23 
Nb 12.4 10.4 12.7 7.7 11.7 10.4 12.7 13.1 9.8 10.1 
Zr 175 128 145 90 346 202 164 276 150 165 
Y 22.9 15.3 17.5 4.7 21.4 19.7 18.2 26.8 15.6 17.5 
Hf 5.3 3.4 4.1 2.5 8.9 5.4 4.0 7.3 4.1 4.5 
Pb 29 33 24 34 18 18 35 33 30 25 
Th 17.90 13.20 11.00 6.43 16.80 16.10 14.40 39.10 12.10 18.40 
U 4.83 6.28 9.63 7.57 3.34 5.59 8.50 4.41 7.13 8.64 
La 35.60 26.20 25.80 13.50 49.30 46.30 25.80 78.80 26.40 37.80 
Ce 83.50 60.00 54.70 28.40 103.00 95.40 56.80 168.00 60.50 85.50 
Pr 9.43 6.81 7.11 3.65 13.00 12.20 7.46 20.80 6.86 9.63 
Nd 37.10 27.60 23.40 11.60 41.90 40.00 30.10 74.60 27.90 39.10 
Sm 7.30 5.18 5.51 2.64 7.63 7.30 6.66 11.70 5.62 7.15 
Eu 0.97 0.84 0.65 0.38 1.38 1.38 0.73 1.57 0.86 0.96 
Gd 5.95 4.26 4.69 1.83 5.55 5.16 5.30 7.48 4.97 5.47 
Tb 0.87 0.63 0.82 0.29 0.86 0.77 0.80 0.96 0.73 0.76 
Dy 4.42 3.02 3.94 1.20 4.37 4.04 3.85 5.18 3.29 3.47 
Ho 0.74 0.50 0.59 0.16 0.75 0.71 0.65 0.93 0.49 0.57 
Er 2.01 1.33 1.33 0.34 1.94 1.77 1.63 2.44 1.19 1.48 
Tm 0.27 0.18 0.17 0.04 0.26 0.24 0.22 0.33 0.17 0.20 
Yb 1.67 1.12 0.98 0.22 1.60 1.42 1.30 2.03 1.01 1.23 
Lu 0.24 0.15 0.14 0.03 0.22 0.20 0.18 0.32 0.13 0.18 
T W&H 810 783 794 757 873 820 808 854 801 805 
T M 808 796 795 765 822 817 801 853 803 814 
 
Total FeO as Fe2O3. T W&H: Zircon saturation temperatures (in ºC) calculated according to Watson and Harrison 
(1983) geothermometer. T M: Monazite saturation temperatures (in ºC), according to Montel (1993) 
geothermometer, calculated at 1% H2O. Other whole-rock geochemical data from type-3 granitoids shown in the 




Table 1. (Continued). 
  
 W-MTB 
Sample 106811 106815 110193 110195 112388 110197 112396 112398 
Peraleda Peraleda Peraleda Peraleda Peraleda Pluton de San Román de San Román de San Román de San Román de San Román Valdeverdeja Valdeverdeja Valdeverdeja 
Peraluminous Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 
type hP hP-fP hP fP hP fP fP fP 
Coordintes: X 292,950  303,000  298,050  301,450  298,800  309,350  310,350  307,600  
                 Y 4,403,800 4,400,850 4,402,800 4,400,800 4,410,200 4,408,950 4,404,850 4,4043,500 
SiO2 68.67 72.45 70.28 73.16 71.26 72.71 73.47 71.44 
Al2O3 15.69 14.38 14.89 14.93 15.36 15.01 14.44 16.15 
FeOt 3.57 1.68 2.06 1.47 1.95 1.22 1.35 0.82 
MnO 0.05 0.02 0.03 0.02 0.02 0.02 0.02 0.02 
MgO 1.25 0.50 0.60 0.40 0.51 0.27 0.33 0.06 
CaO 1.67 0.61 0.65 0.63 0.64 0.61 0.55 0.88 
Na2O 3.47 3.07 2.92 3.23 3.43 3.58 3.09 4.22 
K2O 3.84 4.75 4.77 4.85 4.80 4.77 4.78 3.86 
TiO2 0.58 0.27 0.33 0.21 0.25 0.15 0.18 0.01 
P2O5  0.39 0.27 0.51 0.55 0.43 0.51 0.44 0.87 
LOI 0.83 1.05 1.43 1.47 1.21 1.07 1.39 1.59 
Total 100.00 99.29 98.46 100.20 99.87 99.92 100.00 99.91 
ACNK 1.22 1.27 1.34 1.28 1.28 1.23 1.28 1.27 
A 54.62 60.37 73.36 63.16 65.85 55.85 62.41 67.24 
B 82.98 36.82 44.83 30.95 40.19 23.87 27.38 11.91 
Ba 496 254 267 239 274 140 220 10 
Rb 270 414 315 281 239 325 257 841 
Sr 177 63 59 54 61 46 48 155 
Be 6 4 7 8 5 7 5 2 
Cs 19.4 45.9 29.0 34.1 25.8 35.1 19.9 132.0 
Sn 7 34 6 8 17 9 18 70 
Zn 110 70 60 40 70 40 60 100 
Co 6 < 1 17 12 3 3 1 2 
Sc 7 3 5 3 5 3 2 3 
V 43 15 25 10 28 8 11 < 5 
Cr 140 30 30 20 < 20 < 20 < 20 < 20 
Ni < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 
Cu < 10 < 10 20 < 10 < 10 10 < 10 < 10 
Ge 1.4 1.7 1.0 1.2 1.9 1.3 1.5 3.8 
Sb < 0.2 < 0.2 < 0.2 0.3 < 0.2 0.2 < 0.2 < 0.2 
W 4.8 5.8 86.0 79.0 6.3 25.8 9.8 16.9 
Tl 1.66 2.82 2.03 1.55 1.60 1.58 1.71 5.58 
Bi 0.3 1.8 0.5 2.9 3.7 1.6 5.2 2.2 
Ga 26 25 23 21 20 22 21 36 
Ta 1.10 1.83 1.47 2.02 1.83 2.61 1.70 7.46 
Nb 10.9 8.5 9.6 10.9 9.0 13.1 8.6 30.4 
Zr 198 104 161 83 84 59 65 15 
Y 19.9 9.2 12.7 9.8 16.6 9.2 8.5 2.9 
Hf 5.3 3.0 4.4 2.5 2.5 1.9 2.0 1.0 
Pb 24 26 22 18 33 16 31 5 
Th 17.80 14.20 16.90 4.85 5.33 3.90 5.34 0.22 
U 9.67 11.40 8.29 9.37 5.34 4.87 3.69 2.31 
La 43.20 19.20 25.10 11.80 13.90 8.90 10.80 0.42 
Ce 100.00 48.70 56.10 24.30 29.30 18.30 23.50 1.30 
Pr 11.10 5.73 7.77 3.22 3.63 2.42 2.92 0.20 
Nd 44.90 23.00 25.70 10.50 13.40 7.80 10.80 0.70 
Sm 7.68 5.13 5.70 2.70 3.44 2.17 3.00 0.43 
Eu 0.93 0.50 0.49 0.39 0.55 0.25 0.35 0.01 
Gd 5.64 3.66 4.18 2.42 3.13 2.12 2.73 0.55 
Tb 0.80 0.49 0.65 0.46 0.59 0.43 0.45 0.12 
Dy 4.01 2.19 2.95 2.25 3.37 2.15 2.02 0.59 
Ho 0.64 0.31 0.45 0.33 0.57 0.29 0.26 0.07 
Er 1.70 0.77 1.03 0.70 1.42 0.57 0.55 0.16 
Tm 0.24 0.10 0.13 0.09 0.19 0.07 0.07 0.02 
Yb 1.52 0.64 0.76 0.51 1.16 0.35 0.38 0.12 
Lu 0.22 0.09 0.11 0.07 0.18 0.04 0.06 0.02 
T W&H 819 772 813 753 753 723 735 629 
T M 819 794 806 764 772 749 764 660 
 
Total FeO as Fe2O3. T W&H: Zircon saturation temperatures (in ºC) calculated according to Watson and Harrison 
(1983) geothermometer. T M: Monazite saturation temperatures (in ºC), according to Montel (1993) 
geothermometer, calculated at 1% H2O. Other whole-rock geochemical data from type-3 granitoids shown in the 
figures have been taken from Andonaegui (1990).  
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Table 1. (Continued). 
 
 W-MTB 
Sample 110170 110172 110173 110175 110202 110049 110207 110208 110211 111385 
Villar del Villar del Villar del Villar del Puente del Pluton Oropesa Oropesa Oropesa Oropesa Oropesa Pedroso Pedroso Pedroso Pedroso Arzobispo 
Peraluminous Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 Type-2 
type hP hP hP-fP hP hP hP hP hP-fP fP hP 
Coordintes:X 314,300  313,350  313,350  312,350  310,800  317,300  312,900  312,900  318,150 316,200 
                Y 4,419,800 4,418,700 4,418,700 4,419,900 4,412,850 4,394,650 4,398,400 4,398,400 4,388,600 4,405,050 
SiO2 71.10 68.62 72.87 69.73 70.82 69.95 74.81 73.32 75.99 71.05 
Al2O3 14.12 14.93 14.22 14.71 14.04 14.99 13.55 14.16 14.50 14.68 
FeOt 2.23 3.39 1.66 2.58 2.66 2.34 2.17 2.45 0.65 2.70 
MnO 0.03 0.03 0.02 0.04 0.03 0.04 0.03 0.03 0.02 0.03 
MgO 0.63 1.01 0.50 0.87 0.64 0.69 0.52 0.73 0.17 0.70 
CaO 0.83 1.51 0.80 1.19 0.89 0.82 0.66 0.81 0.26 0.96 
Na2O 2.45 3.38 2.80 2.78 2.72 3.40 3.28 3.08 2.98 2.73 
K2O 5.72 3.96 5.25 4.97 5.03 4.66 3.65 4.36 3.52 5.19 
TiO2 0.40 0.61 0.27 0.45 0.39 0.39 0.30 0.39 0.07 0.43 
P2O5  0.38 0.36 0.28 0.42 0.51 0.38 0.38 0.40 0.33 0.34 
LOI 1.25 2.16 1.04 1.12 1.03 0.84 0.94 1.16 1.18 0.95 
Total 99.13 99.97 99.72 98.86 98.78 98.50 100.30 100.90 99.68 99.77 
ACNK 1.20 1.19 1.21 1.21 1.22 1.24 1.28 1.26 1.58 1.24 
A 46.83 45.79 48.54 50.82 49.05 56.10 58.88 56.87 104.24 55.39 
B 48.59 75.14 36.55 59.48 54.09 51.31 43.79 53.68 13.22 56.55 
Ba 392 278 401 399 350 291 122 269 55 377 
Rb 318 264 253 277 343 274 335 289 309 318 
Sr 83 115 99 116 75 67 34 64 24 76 
Be 4 3 5 6 4 6 3 6 2 5 
Cs 6.5 11.2 10.7 12.3 11.6 35.1 38.8 31.8 16.8 13.8 
Sn 2 3 3 4 3 35 12 8 9 9 
Zn 80 150 50 50 50 90 50 40 < 30 80 
Co 68 44 41 79 3 6 10 11 15 10 
Sc 4 8 3 5 4 5 6 6 4 5 
V 25 41 16 29 24 23 23 29 < 5 25 
Cr < 20 30 30 < 20 < 20 20 30 < 20 30 < 20 
Ni < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 < 20 
Cu 30 50 20 10 < 10 < 10 10 < 10 20 < 10 
Ge 0.9 1.1 1.0 0.9 1.1 2.0 1.7 1.6 2.7 1.7 
Sb 0.3 0.9 0.5 < 0.2 0.2 < 0.2 0.4 0.3 0.3 < 0.2 
W 37.5 24.3 29.8 63.4 19.3 33.6 63.6 63.2 25.2 51.3 
Tl 1.36 1.77 0.98 1.85 1.73 1.14 2.09 1.43 2.74 1.68 
Bi 2.6 4.6 1.4 0.4 0.7 5.1 2.0 1.5 3.3 0.5 
Ga 21 24 19 23 22 21 22 21 22 24 
Ta 1.09 1.55 0.90 1.40 1.22 1.82 2.58 1.81 3.11 1.69 
Nb 12.1 16.3 8.0 11.4 11.1 9.8 13.2 10.2 8.5 18.1 
Zr 192 279 119 178 192 127 99 133 30 238 
Y 17.1 18.4 10.0 16.2 14.1 11.7 14.2 15.3 4.7 18.2 
Hf 5.3 7.5 3.3 4.8 5.4 3.1 2.9 3.6 1.2 5.7 
Pb 34 38 26 14 15 34 13 13 334 32 
Th 33.10 32.10 11.90 20.90 36.40 11.20 8.19 10.90 1.28 35.70 
U 9.43 8.81 3.59 7.33 4.18 4.69 5.22 5.73 18.90 12.90 
La 39.20 50.50 20.80 36.10 37.20 23.10 17.40 22.80 2.98 40.80 
Ce 89.90 116.00 44.20 78.20 87.20 51.00 36.80 49.50 6.17 95.00 
Pr 12.20 14.80 5.75 10.20 12.00 6.12 4.83 6.51 0.71 12.70 
Nd 40.70 48.80 18.90 33.80 41.40 22.10 15.90 21.30 2.72 51.20 
Sm 8.91 9.30 3.94 7.05 8.59 4.88 3.51 4.54 0.74 10.50 
Eu 0.67 0.82 0.62 0.70 0.61 0.56 0.31 0.56 0.06 0.68 
Gd 6.13 6.02 2.92 5.11 5.39 3.58 2.95 3.69 0.62 7.07 
Tb 0.87 0.87 0.47 0.77 0.71 0.53 0.51 0.6 0.15 0.95 
Dy 3.87 4.29 2.21 3.66 3.24 2.47 2.85 3.19 0.81 4.16 
Ho 0.59 0.67 0.34 0.57 0.48 0.39 0.47 0.54 0.15 0.65 
Er 1.36 1.58 0.78 1.34 1.23 1.01 1.27 1.39 0.43 1.66 
Tm 0.18 0.20 0.10 0.17 0.16 0.14 0.19 0.19 0.07 0.22 
Yb 1.05 1.12 0.58 1.00 0.93 0.90 1.18 1.16 0.51 1.25 
Lu 0.14 0.16 0.08 0.14 0.13 0.14 0.16 0.17 0.07 0.17 
T W&H 820 851 780 812 821 784 771 792 692 842 
T M 817 824 784 810 816 791 783 793 727 825 
 
Total FeO as Fe2O3. T W&H: Zircon saturation temperatures (in ºC) calculated according to Watson and Harrison 
(1983) geothermometer. T M: Monazite saturation temperatures (in ºC), according to Montel (1993) 
geothermometer, calculated at 1% H2O. Other whole-rock geochemical data from type-3 granitoids shown in the 




Table 1. (Continued). 
 
 W-MTB  E-MTB 
Sample 106816 110210 111379 111383  110199 110203 110206  110331 110341 
 Mora- Pluton Aldeanueva 









Torrico Torrico Torrico 
 Las Ventas Madridejos 
Peraluminous Type-2 Type-2 Type-2 Type-2  Type-3 Type-3 Type-3  Type-3 Type-3 
type hP hP-fP hP hP  mP mP mP  mP mP 
Coordintes: X 313,150  318,450  325,450  325,950    310,800  308,350  309,000    392,450  457,450  
                 Y 4,403,400 4,400,100 4,402,350 4,399,000  4,412,900 4,417,700 4,413,650  4,383,700 4,367,850 
SiO2 74.05 72.76 69.97 70.61   69.71 72.39 70.42   70.37 73.22 
Al2O3 14.29 14.24 14.71 14.74  15.09 14.22 15.37  14.40 13.73 
FeOt 1.88 1.76 2.99 2.46  3.01 2.66 2.87  2.85 1.87 
MnO 0.03 0.02 0.03 0.03  0.06 0.05 0.05  0.05 0.03 
MgO 0.56 0.52 0.88 0.68  1.09 0.88 0.93  0.89 0.58 
CaO 0.57 0.58 0.91 0.80  1.78 1.71 1.50  2.20 1.06 
Na2O 2.98 3.00 2.69 2.83  3.00 2.96 3.02  3.03 2.89 
K2O 4.61 4.70 4.91 5.01  4.57 4.05 4.92  4.06 4.75 
TiO2 0.27 0.25 0.49 0.36  0.55 0.48 0.47  0.40 0.21 
P2O5  0.39 0.30 0.35 0.35  0.34 0.27 0.31  0.22 0.14 
LOI 1.02 1.12 1.25 0.80  0.93 0.93 1.00  0.74 2.18 
Total 100.70 99.25 99.18 98.66  100.10 100.60 100.90  98.84 100.70 
ACNK 1.31 1.29 1.29 1.28   1.15 1.15 1.18   1.08 1.16 
A 65.91 62.02 65.00 62.87  38.59 36.36 46.01  20.03 37.41 
B 40.82 38.07 65.46 52.15   71.57 61.17 64.85   62.79 40.37 
Ba 243 202 410 317  486 436 471  428 312 
Rb 393 320 286 299  240 220 261  182 230 
Sr 49 54 83 67  149 155 140  124 82 
Be 9 4 6 6  4 4 5  4 5 
Cs 29.2 19.4 9.5 18.4  15.3 11.0 13.4  13.4 11.0 
Sn 24 8 7 9  5 3 4  4 3 
Zn 80 40 90 80  50 40 40  30 < 30 
Co 3 4 8 6  12 21 7  6 4 
Sc 4 4 5 4  7 6 6  7 5 
V 18 19 33 23  40 33 31  33 16 
Cr 60 30 < 20 < 20  20 30 20  < 20 30 
Ni < 20 < 20 < 20 < 20  < 20 < 20 < 20  < 20 < 20 
Cu < 10 10 < 10 < 10  10 10 30  < 10 10 
Ge 1.7 1.1 1.4 1.6  1.3 1.3 1.4  1.5 1.4 
Sb < 0.2 0.3 < 0.2 < 0.2  0.4 0.3 1.3  0.5 0.5 
W 6.1 18.7 27.6 18.8  62.5 18.4 21.7  17.5 20.0 
Tl 2.48 1.68 1.46 1.61  1.28 1.13 1.34  0.87 0.69 
Bi 1.0 0.8 0.3 0.6  0.8 0.5 0.8  0.4 0.2 
Ga 25 23 24 22  20 19 21  18 18 
Ta 2.52 1.70 1.30 1.41  1.52 1.33 1.40  1.24 1.13 
Nb 14.0 12.1 15.2 14.2  10.5 10.1 10.5  8.9 7.9 
Zr 104 110 239 169  164 143 166  143 122 
Y 13.5 11.8 18.3 15.0  19.0 16.2 19.5  24.3 34.7 
Hf 3.3 3.1 5.7 4.2  4.5 3.7 4.5  4.0 3.9 
Pb 27 18 30 30  82 18 20  17 15 
Th 15.20 13.30 38.60 21.70  14.90 13.60 16.80  11.10 13.60 
U 3.28 4.78 4.96 9.07  3.18 2.83 3.94  2.54 3.15 
La 21.10 20.00 40.50 26.10  28.50 28.60 32.40  27.40 26.10 
Ce 53.00 43.10 95.60 59.70  61.20 59.50 68.90  56.50 56.10 
Pr 6.03 5.75 13.10 8.14  7.86 7.67 8.89  7.23 7.20 
Nd 23.60 19.20 53.70 32.60  26.90 25.30 29.60  24.20 23.40 
Sm 5.41 4.32 10.90 7.08  5.58 5.04 6.02  5.31 5.30 
Eu 0.45 0.38 0.75 0.55  0.85 0.83 0.85  0.85 0.53 
Gd 4.20 3.27 6.95 5.09  4.41 3.74 4.50  4.44 4.91 
Tb 0.62 0.54 0.88 0.72  0.72 0.60 0.74  0.78 0.97 
Dy 2.90 2.53 3.97 3.19  3.84 3.22 3.90  4.52 6.12 
Ho 0.44 0.38 0.67 0.52  0.65 0.56 0.67  0.84 1.17 
Er 1.10 0.95 1.69 1.31  1.72 1.45 1.77  2.28 3.41 
Tm 0.15 0.13 0.23 0.19  0.25 0.20 0.25  0.33 0.53 
Yb 0.94 0.78 1.36 1.09  1.52 1.22 1.54  2.11 3.37 
Lu 0.13 0.10 0.19 0.15   0.21 0.17 0.21   0.29 0.46 
T W&H 775 778 846 813  798 790 802  781 779 
T M 800 790 830 806  791 791 800  780 791 
 
Total FeO as Fe2O3. T W&H: Zircon saturation temperatures (in ºC) calculated according to Watson and Harrison 
(1983) geothermometer. T M: Monazite saturation temperatures (in ºC), according to Montel (1993) 
geothermometer, calculated at 1% H2O. Other whole-rock geochemical data from type-3 granitoids shown in the 
figures have been taken from Andonaegui (1990).  
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II.4.- Whole-rock isotope composition (Sr, Nd, Pb) 
The initial 87Sr/86Sr ratios and ƐNd values (calculated at 300 Ma as the average age for the CIZ 
Variscan magmatism) of type-1 and type-2 granitoids show a wider variation than type-3 granitoids 
(Fig. 40; Table 2). Type-1 granitoids present a large isotopic heterogeneity, defining two distinct 
isotopic fields, one pole similar to type-2 granitoids, although limited to a shorter initial Sr and Nd 
isotopic range (from 0.7124 to 0.7163, and ƐNd300 from –5.01 to –6.21; Fig. 40; Table 2), and the 
second one comprising some granodiorite samples which show high 87Sr/86Sr ratios (0.7200–0.7201) 
and the most negative ƐNd300 values (from –8.9 to –9.4; Fig. 40; Table 2). The initial Sr ratios of type-
2 granitoids largely range from 0.7060 to 0.7228 and their ƐNd300 are plotted in a narrower range 
between –4.0 and –6.9, with leucogranites showing the highest isotope variability (Fig. 40; Table 2). 
On the contrary, initial Sr and Nd ratios of type-3 granitoids are more restricted, with (87Sr/86Sr)300 
varying from 0.7107 to 0.7138 and ƐNd300 values slightly more negative than type-2 granitoids (–5.9 
to –6.7; Fig. 40; Table 2 and Villaseca et al., 1998b), similar to those of SCS S-type granitoids (from –




Figure 40. Sr–Nd isotopic composition of the MTB granitoids (calculated at 300 Ma; Table 
2 and Villaseca et al., 1998b). The isotope composition of S-type granitoids from the 









Sample Pluton Rb Sr (87Rb/86Sr) (87Sr/86Sr) (87Sr/86Sr)300 e(Sr)300 Sm Nd (147Sm/144Nd) (143Nd/144Nd) (143Nd/144Nd)300 e(Nd)300 TDM 
Type-1 granitoids 
             
110217 Azután 253 153 4.798 0.73292 0.712438 117.67 12.50 67.10 0.1126 0.512155 0.511934 -6.21 1335 
110218 Azután 179 153 3.395 0.73462 0.720124 226.83 6.09 30.80 0.1195 0.512004 0.511769 -9.42 1647 
110219 Azután 179 125 4.157 0.73779 0.720043 225.68 7.36 37.10 0.1199 0.512030 0.511794 -8.93 1615 
111369 Azután 158 124 3.697 0.73207 0.716290 172.39 7.99 37.60 0.1285 0.512242 0.511990 -5.11 1419 
106821 Azután 208 135 4.470 0.73272 0.713635 134.68 6.74 34.80 0.1171 0.512212 0.511982 -5.26 1309 
111371 Azután 166 87 5.539 0.73819 0.714543 147.57 1.94 7.22 0.1624 0.512314 0.511995 -5.01 2040 
Type-2 granitoids              
106792 Belvís 569 48 34.808 0.856018 0.707421 46.42 0.37 1.62 0.1381 0.512242 0.511971 -5.48 1580 
106793 Belvís 430 123 10.171 0.760438 0.717019 182.73 0.38 1.47 0.1563 0.512285 0.511978 -5.34 1916 
106795 Belvís 459 97 13.788 0.776847 0.717983 196.43 1.34 5.38 0.1506 0.512266 0.511970 -5.49 1804 
111329 Belvís 428 110 11.330 0.769879 0.721510 246.52 0.77 2.85 0.1633 0.512256 0.511935 -6.18 2220 
112106 Belvís 354 29 35.908 0.87456 0.721271 243.12 1.82 6.57 0.1675 0.512269 0.511940 -6.08 2351 
106797 Navalmoral 260 105 7.189 0.739902 0.709209 71.83 7.30 37.10 0.1189 0.512212 0.511978 -5.34 1332 
106804 Navalmoral 263 94 8.129 0.747152 0.712447 117.81 5.18 27.60 0.1135 0.512191 0.511968 -5.53 1295 
110184 Navalmoral 145 404 1.039 0.71213 0.707691 50.27 7.63 41.90 0.1101 0.512139 0.511923 -6.42 1326 
112400 Navalmoral 179 341 1.520 0.71571 0.709222 72.00 11.70 74.60 0.0948 0.512094 0.511908 -6.71 1221 
106805  Peraleda 255 126 5.873 0.735012 0.709939 82.19 5.62 27.90 0.1218 0.512221 0.511982 -5.27 1356 
106810 Peraleda 277 170 4.726 0.729482 0.709306 73.20 7.15 39.10 0.1105 0.512205 0.511988 -5.15 1242 
106811 Peraleda 270 177 4.424 0.727392 0.708507 61.86 7.68 44.90 0.1034 0.512201 0.511998 -4.95 1172 
106815 Peraleda 414 63 19.183 0.795180 0.713288 129.74 5.13 23.00 0.1348 0.512212 0.511947 -5.94 1574 
112388 Peraleda 239 61 11.405 0.76608 0.717391 188.02 3.44 13.40 0.1552 0.512305 0.512000 -4.91 1840 
110197 Valdeverdeja 325 46 20.656 0.81097 0.722789 264.68 2.17 7.80 0.1682 0.512243 0.511913 -6.62 2455 
112396 Valdeverdeja 257 48 15.613 0.78439 0.717735 192.90 3.00 10.80 0.1679 0.512260 0.511930 -6.28 2396 
110149 Villar del Pedroso 274 67 11.912 0.77269 0.721838 251.17 4.88 22.10 0.1335 0.512238 0.511976 -5.38 1506 
110173 Oropesa 253 99 7.424 0.74602 0.714321 144.42 3.94 18.90 0.1260 0.512148 0.511901 -6.86 1531 
111385 Pte. Arzobispo 318 76 12.180 0.76601 0.714011 140.02 10.50 51.20 0.1240 0.512230 0.511987 -5.18 1373 
110210 Aldeanueva 320 54 17.296 0.79353 0.719689 220.65 4.32 19.20 0.1360 0.512314 0.512047 -4.00 1416 
106816 Aldeanuva 393 49 23.437 0.806042 0.705988 26.08 5.41 23.60 0.1386 0.512229 0.511957 -5.75 1613 
111383 Aldeanueva 299 67 12.995 0.76981 0.714336 144.64 7.08 32.60 0.1313 0.512203 0.511945 -5.98 1528 
Type-3 granitoids              
110203 Torrico 220 155 4.117 0.73032 0.712746 122.06 5.04 25.30 0.1204 0.512162 0.511926 -6.37 1426 
110206 Torrico 261 140 5.410 0.73487 0.711768 108.17 6.02 29.60 0.1229 0.512187 0.511946 -5.98 1424 
110331 Mora-Las Ventas 182 124 4.258 0.73092 0.712743 122.01 5.31 24.20 0.1326 0.512187 0.511927 -6.35 1578 
110341 Madridejos 230 82 8.149 0.7467 0.711910 110.19 5.30 23.40 0.1369 0.512203 0.511934 -6.20 1628 
Sr–Nd ratios calculated at a representative Variscan age of 300 Ma. 
Other Sr-Nd isotopic data of type-3 granitoids from the E-MTB (Mora-Las Ventas monzogranite and Torcón leucogranite) shown in the figures are 
taken from Villaseca et al. (1998b). 
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The only Pb isotopic analysis of a granite sample from the western MTB segment (type-2 
granitoid) shows the lowest isotopic ratios when compared to other peraluminous S-type granites from 
adjacent areas (Fig. 41; Table 3; Villaseca et al., 2008b). These low Pb isotopic ratios are quite 
different to those measured in a whole-rock granite of the eastern MTB (type-3 granitoids) and those 
obtained in K-feldspars from other peraluminous granites from the Spanish Central System (Fig. 41; 





Table 3. Pb isotope data for S-type granites from central Spain (taken from Villaseca et al., 2008b) 
Sample Pluton Material U Th Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb 
106804 Navalmoral de la Mata (type-2 W-MTB) Kfs    18.180 15.630 38.269 
80910 Mora-Las Ventas (type-3 E-MTB) Whole-rock 2.92 10 24 18.857* 15.637* 38.715* 
95916 Alpedrete (SCS) Kfs    18.393 15.688 38.513 
Y-82 Hoyo de Manzanares (SCS) Kfs    18.345 15.674 38.465 
* Whole-rock data calculated at 300 Ma. Trace-element contents in ppm. 
206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb initial isotope ratios measured in whole-rock or in K-feldspar separates (Kfs).  
Figure 41. Lead isotopic ratios of K-
feldspars (206Pb/204Pb vs 207Pb/204Pb and 
206Pb/204Pb vs 208Pb/204Pb) from S-type 
granites of central Spain (Villaseca et al., 
2008b). The age-corrected radiogenic Pb 
ratios for a type-3 granitoid whole-rock 
analyses is also included for comparison. 
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III.- HIGHLY EVOLVED GRANITES: THE CASE 
STUDY OF THE BELVÍS DE MONROY PLUTON  
III.1.- Introduction 
Within the MTB, there is a large amount of evolved plutons, as are the Torcón and Mazarambroz 
leucogranites within the Mora-Las Ventas pluton in the E-MTB, and the Valdeverdeja, Villar del 
Pedroso and Belvís de Monroy plutons in the W-MTB (Fig. 2). Other minor leucogranitic units are 
found within granodioritic to monzogranitic plutons of the western segment of the Montes de Toledo 
batholith, as occurs within the Peraleda de San Román, Aldeanueva de Barbarroya, or Azután plutons 
(Fig. 2). These granitoid melts followed different fractionation paths, as revealed by the contrasted Ba-
Sr-Rb and trace-element evolution trends of each granitoid series (Figs. 37, 39, 42). The most evolved 



















Figure 42. Log-log plots of Ba vs A) Rb and B) Sr (in ppm) reflecting the different fractionation trends 
of the MTB granitoids. Grey dotted and black dashed arrows represent the evolutionary trends of the 
restite-rich Layos granodiorites from the ACT and that of S-type granitoids from the SCS batholith, 
respectively: note the similarity to the differentiation trends of type-1 and type-3 granitoids, respectively. 




The Belvís de Monroy granite is a quite singular felsic intrusion in part due to its distinctive 
chemical composition and to the presence of an uncommon group of accessory minerals, among which 
is the gahnite–chrysoberyl–beryl association. This pluton is a highly evolved leucogranite enriched in 
incompatible elements, such as P, F, Li, Be, Rb, Nb, Ta, U, Cs and Sn. The Belvís pluton shows a 
reverse zoning with an enrichment of incompatible elements and a depletion of mafic components 
towards the border unit of the pluton. The exotic mineral assemblage, composed of Be-rich cordierite, 
sillimanite, (Al–Li)-rich micas, gahnite, chrysoberyl, beryl and a variety of Al–Fe–(Mn)-rich 
phosphates, appears in the most external part of the massif. A similar mineral assemblage has also 
been found in the associated aplopegmatitic dike swarm surrounding the Belvís pluton.  
The co-occurrence of gahnite (Zn-rich hercynite), chrysoberyl and beryl is uncommon in 
igneous rocks. This mineral association has only been described in Na-metasomatised pegmatites 
(Alfonso and Melgarejo, 2008), but chrysoberyl was interpreted as a secondary product of beryl 
replacement. Beryl is a common accessory mineral in rare-element granitic pegmatites (Alfonso and 
Melgarejo, 2008; Charoy, 1999; Černý et al., 2003; Rao et al., 2011; Thomas et al., 2009, 2011; Tindle 
and Breaks, 1998; Uher et al., 2010), or in highly evolved granites (Charoy, 1999; Charoy and 
Noronha, 1996). Occasionally, it has been found associated with chrysoberyl in Be-rich pegmatites 
(González del Tánago, 1991; Soman and Nair, 1985). The mineral association gahnite + chrysoberyl 
has been previously found in some Al-rich pegmatites (Jacobson and Webb, 1947), but never 
associated with beryl. However, gahnite micro-inclusions in large pegmatitic beryl crystals have also 
been reported (Uher et al., 2010; Zhaolin et al., 1999), although interpreted as crystallised from an 
immiscible melt included during the beryl crystal growth. This is the first report of the assemblage 
gahnite + beryl + chrysoberyl as magmatic accessory minerals in a felsic igneous pluton. Nonetheless, 
as described in granulite–facies gneisses (Downes and Bevan, 2002), the three Al-rich minerals have 
not been observed in mutual contact, suggesting a lack of chemical equilibrium, thus not forming a 
true magmatic paragenesis. 
This chapter is focused on the origin and the relationships between the highly fractionated 
granitic facies that conforms the reversely zoned Belvís pluton, with special emphasis on the origin 
and crystallisation conditions of the Al–Be–Zn-rich accessory minerals (chrysoberyl, beryl and 
gahnite) in its most external granitic unit. Furthermore, it is also discussed the chemical and 
thermodynamic factors (mainly silica and alumina activity) that controlled the crystallisation of this 
rare mineral assemblage confined to specific small-scale (mm-sized) chemical microdomains. 
LA–ICP-MS analyses and data acquisition were made by Enrique Merino and Cecilia Pérez-
Soba, in collaboration with Teresa Jeffries, at The Natural History Museum, London, and received 
support from the SYNTHESYS European project http://www.synthesys.info/, which is financed by 
European Community Research Infrastructure Action under the FP7 Integrating Activities 
Programme. This study was published in Lithos 179 (137–156), by Merino et al. (2013a), with the 
title: Gahnite, chrysoberyl and beryl co-occurrence as accessory minerals in a highly evolved 




III.2.- Geological setting 
The Belvís de Monroy pluton is located in the westernmost part of the Montes de Toledo batholith 
(MTB), within the Central Iberian Zone (CIZ, Iberian Massif; Figs. 43A, B). This leucogranitic pluton 
is the most highly fractionated body of the MTB (Villaseca et al., 2008b; Merino et al., 2013a; Merino 
Martínez et al., 2014; Pérez-Soba et al., 2014). It intrudes into low-grade Lower Paleozoic (Upper 
Ordovician to Lower Silurian) metasediments, consisting of alternating sandstones and shales (Fig. 
43A). The intrusion induces a zoned contact metamorphic aureole, showing low-pressure (< 2 kbar) 
mineral associations: i) K-feldspar + sillimanite + biotite ± cordierite, in the nearest contact, and ii) 
andalusite + biotite + muscovite ± cordierite ± sillimanite in the outer zone (IGME, 1987). Local 
tourmalinisation and generation of F-rich phosphates occur within the closest contact with the 
leucogranite. This pluton crops-out over an area of about 5 km2. The NW part of the Belvís pluton is 
cross-cut by a NE to SW late-Hercynian inverse fault (Belvís fault), reactivated during the Alpine 




Figure 43. A) Geological sketch map of the Belvís pluton and the surrounding aplopegmatitic dike 
swarm showing the different Belvís leucogranitic units: Central Unit (CU), Intermediate Unit (IU), 
Border Unit (BU). The dotted line represents the proposed limits between the studied units. Samples in 
which the (Zn, Be)-bearing mineral assemblage have been found are listed on the top-left inset. Chb: 
chrysoberyl; Brl: beryl; Ghn: gahnite. B) Simplified geological map of the western segment of the 
Montes de Toledo batholith (W-MTB), showing the location of the Belvís pluton (open square; Figure 
1b). The top-right sketch map shows the location of the Montes de Toledo batholith within the Central 
Iberian Zone. C) Schematic W–E geological cross-section of the Belvís pluton. 




The Ordovician to Silurian metasedimentary sequences are also intruded by a heterogeneous 
aplopegmatitic dike-system, which surrounds the Belvís pluton (Fig. 43A). The thickness of these 
dikes varies from centimetres to less than five meters. Aplopegmatitic dikes with N-S to NE–SW 
direction (N0º – N20º), located to the east of the pluton, crosscut another previous aplopegmatitic 
system (NW-SE, from N110º to N160º), emplaced to the western part of the Belvís pluton (Fig. 43A). 
Both dike complexes seem to be slightly younger, or almost coetaneous, with the emplacement of the 
Belvís pluton, as they are occasionally crosscut and partially bulged by the granitic intrusion. A 
schematic cross-section is given to illustrate the suggested geometry of the pluton at depth (Fig. 43C). 
 
 
III.3.- Petrographic features 
Around 55 fresh samples from 40 field stations from the Belvís pluton and the surrounding 
aplopegmatitic dike complex were collected for petrographic characterisation. The general features of 
the Belvís pluton are detailed as follows: 
III.3.i.- General features of the Belvís pluton 
The Belvís intrusion is composed of three different leucogranitic units, sharing a medium- to coarse-
grained hypidiomorphic texture, and showing accessory amounts of biotite and cordierite (commonly 
pinnitised). Although most of the cordierite is altered, it seems to be a late crystallising phase as it is 
found as allotriomorphic nodules (up to 1.5 cm) which commonly include drop-like quartz grains, and 
occasionally subidiomorphic to allotriomorphic chrysoberyl and beryl crystals. The main minerals in 
all facies are quartz (subidiomorphic to allotriomorphic grains included in other main minerals or 
forming individual to polycrystalline big crystals), plagioclase (mostly subidiomorphic polysynthetic 
twinned crystals), and K-feldspar (most of them late allotriomorphic perthitic crystals). A complete 
description of the Belvís de Monroy pluton can also be found in the recently published work of Pérez-
Soba et al. (2014), including its petrographic features and an extensive chemical study of some 
accessory phases (zircon, monazite, xenotime). 
There are no sharp contacts between the distinguished granite units. Each facies seems to intrude 
in a short, probably coetaneous, time span, so that most of the exposed contacts are difficult to 
delimitate. The central and most internal granite unit (CU) consists of a medium- to coarse-grained 
leucogranite with biotite ≥ muscovite and with a magmatic foliation defined by linear arrays of micas 
(± sillimanite) parallel to the pluton margins (Fig. 44A). Occasionally it is possible to recognise 
extensional micro-shear bands, probably related to the pluton emplacement. Although the internal unit 
is more biotitic when compared to other Belvís granitic facies, both micas are present in almost 
accessory amounts. Other accessory phases are altered cordierite, tourmaline (compositionally dravite, 
mostly replacing biotite crystals, but also as allotriomorphic grains included in other main minerals), 




biotite, or included as small needles or, more scarcely, as prisms in quartz, feldspars, muscovite and 
tourmaline), monazite and zircon. The high modal abundance of quartz, K-feldspar and plagioclase 
(92 %) gives this unit a light white colour. This central leucogranitic unit is the only one that contains 
small micaceous aggregates (< 2 cm) and scarce meta-volcanic xenoliths (up to 40 cm; Fig. 44A). This 
facies presents small biotite-rich pegmatitic patches (up to 3 cm), thin tourmaline-rich micropegmatitic 
veinlets, and also some cordierite-bearing aplitic veins parallel to the granite structure. These latter 
veins contain subidiomorphic to allotriomorphic chrysoberyl and idiomorphic to allotriomorphic beryl 
crystals as accessory phases. Although these minerals do not appear in the host granite unit, their 
presence in these granitic segregations confirms their magmatic origin. 
The intermediate unit (IU) consists of a two mica medium- to coarse-grained leucogranite with 
muscovite ≥ biotite (Fig. 44B). Mica crystals are generally more idiomorphic and bigger (1–2 mm) 
than those from the central unit. Biotite appears in accessory amounts, whereas muscovite is one of the 
main magmatic phases. Other accessory phases are tourmaline (schorl, allotriomorphic grains included 
in biotite and quartz), cordierite (altered to mica aggregates or pinnite), sillimanite (mostly fibrolite 
variety included in primary muscovite and quartz or associated to biotite rims), (Fe-Mn-F)-rich apatite, 
(Nb-Ta)-rutile, zircon, U-rich monazite (UO2 up to 23 wt.%) and U-rich xenotime (UO2 up to 3 wt.%) 
(Orejana et al., 2012a; Pérez-Soba et al., 2009; Pérez-Soba et al., 2014). 
The external or border unit (BU), a coarse-grained muscovitic leucogranite (muscovite > 
biotite), displays the most heterogeneous mineral composition. Similar magmatic structures as those 
described in the CU are also present (occasional micro-shear bands). Muscovite and biotite grains can 
reach up to 3 and 1 cm, respectively. Muscovite is found as primary subidiomorphic big crystals, but it 
is also present as late smaller allotriomorphic grains. Accessory phases include biotite, cordierite (in 
most cases altered, though this is the only unit which preserves fresh nodules), tourmaline 
(subidiomorphic small grains and allotriomorphic big crystals up to 3 mm, with a rossmanite-schorl-
dravite composition; Fig. 44C), (Fe-Mn-F)-rich apatite, sillimanite (neddles and, occasionally, prisms 
included in the main minerals, including muscovite, and tourmaline), rutile, zircon, pale green U-rich 
monazite (UO2 up to 20 wt.%) and U-rich xenotime (UO2 up to 13 wt.%) (Fig. 33; Orejana et al., 
2012a; Pérez-Soba et al., 2009, 2014), and an exotic group of minerals uncommon in granites, such as 
gahnite (Zn-spinel), beryl, chrysoberyl and a great variety of late to secondary (Al-Fe-Mn-Ca)-rich 
phosphates, such as ernstite (Mn2+0.5Fe3+0.5Al(PO4) (OH)1.5O0.5), vivianite (Fe2+3(PO4)2•8(H2O)) and 
crandallite (CaAl3(PO4)2(OH)5•H2O). In sectors where gahnite, beryl and chrysoberyl appear, 
tourmaline is not present. 
The aplopegmatitic dike complex also presents some Zn-rich or Be-rich accessory phases, such 
as gahnite and chrysoberyl. Beryl is absent in the whole studied aplopegmatites (Fig. 43B). Some of 
these dikes occasionally present garnet (Fig. 43B, 44D) and altered cordierite nodules, dispersed 
tourmaline crystals and (Al-Fe-Mn)-rich phosphates, similarly to the Belvís BU, and muscovite and 
biotite are always accessory phases. Sillimanite is present as fibrolitic or prismatic crystals included in 
the main minerals or associated to the chrysoberyl and gahnite rims. 






III.3.ii.- Gahnite, beryl and chrysoberyl characteristics 
Gahnite 
Gahnite crystals are found in the BU and in the aplopegmatitic dikes (Fig. 43B). Gahnite from 
the BU leucogranite is idiomorphic to subidiomorphic (commonly up to 300 µm, but may reach up to 
1 mm), occasionally slightly fractured, included in plagioclase, K-feldspar or muscovite, and in 
contact with quartz (Figs. 45A, B). It is sometimes surrounded by a thin rim of (Mn, F, Zn, Fe)-rich 
apatite. Gahnite from the aplopegmatites has been found as subidiomorphic to allotriomorphic crystals 
with a variable size (from < 100 µm to up to 1 mm in a pegmatite) and with the same textural relations 
as those described in the BU (Figs. 45C-F). It is occasionally very close to chrysoberyl, but never in 
direct contact with it (Fig. 45E). 
Figure 44. Field images of the different leucogranitic units of the Belvís pluton and the associated 
aplopegmatites: A) Belvís central unit (CU), medium- to coarse-grained leucogranite (Bt ≥ Ms). Notice 
the meta-volcanic xenolith included. B) Belvís intermediate unit (IU), mica medium- to coarse-grained 
leucogranite (Ms > Bt). C) Belvís border unit (BU), coarse-grained muscovitic leucogranite with 






Figure 45. A) and B) Microphotographs of subidiomorphic gahnite crystals included in, or interstitial to, 
muscovite and plagioclase in the Belvís BU leucogranite (samples 106792 and 112114). C) Microphotograph of 
a single gahnite crystal included in plagioclase in an aplite (sample 112099). D) Microphotograph of 
subidiomorphic gahnite crystals included in K-feldspar and close to plagioclase and quartz in a pegmatitic dike 
(sample 111546). E) and F) Back-scattered electron images of gahnite crystals in contact with plagioclase, K-
feldspar and quartz, from the pegmatitic dike (sample 111545, close to allotriomorphic chrysoberyl; sample 
111547, subidiomorphic large crystal). Mineral abbreviations are after Kretz (1983) and as in Figure 43B. 





Chrysoberyl appears as subidiomorphic to allotriomorphic grains (up to 450 µm) in the BU, in the 
aplitic vein segregate of the CU and in some aplopegmatitic dikes (Fig. 43B). Chrysoberyl is 
commonly included in K-feldspar, plagioclase, muscovite and quartz (Figs. 46A-H), and occasionally 
close to allotriomorphic beryl (Figs. 46A-C) or gahnite (Fig. 45E). In the BU, it is also included in 
partially altered cordierite (Fig. 46I). 
Although both beryl and chrysoberyl are relatively scarce, chrysoberyl occurs in a greater modal 
amount than beryl. The aplitic vein of the CU and the aplopegmatitic dikes also present larger (up to 
3.5 mm), apparently twinned, variably altered chrysoberyl crystals surrounded by quartz, mica 
aggregates, fibrolitic sillimanite and feldspars (Figs. 46E, H). In some cases, chrysoberyl crystals are 




In contrast to chrysoberyl, beryl has not been observed in most of the samples where gahnite appears. 
The samples in which beryl has been found are those from the BU and the aplitic segregate in the CU 
(Fig. 43B). Beryl appears commonly as subidiomorphic to allotriomorphic colourless crystals (up to 
120 µm), though scarce idiomorphic grains are also found (Fig. 46D). It is commonly included in 
plagioclase (Figs. 46A, C), K-feldspar (Figs. 46A, C, D) and quartz (Fig. 46B), though in the BU it is 
also included in partially to totally altered cordierite (Figs. 46B, C). The observed sharp contacts 
between beryl and quartz grains, both within unaltered and altered cordierite (Figs. 46J, K), indicate 
that both minerals crystallised in equilibrium. In the BU, scarce beryl crystals included in plagioclase 
are surrounded by a thin rim of Al-rich phosphates (crandallite; Fig. 46A). 
 
Figure 46 (next page). A) and B) BSE images showing the association of chrysoberyl and beryl, in contact with 
plagioclase, K-feldspar or quartz in the BU leucogranite (samples 111533 and 112114). Note the thin rim of Al-
rich phosphates (Al-Pho, bright BSE rim) surrounding some beryl crystals. C) and D) BSE images of the aplitic 
segregate of the Belvís CU (sample 112109) showing chrysoberyl and beryl grains included in quartz or K-
feldspar. E) Microphotograph of a large chrysoberyl crystal included in quartz (in association with sillimanite) in 
the aplitic segregate (sample 112109). F) BSE image showing chrysoberyl crystals included in plagioclase or 
muscovite in an aplitic dike (sample 111601). G) BSE image of a small crystal of chrysoberyl included in 
plagioclase, both included in a large K-feldspar crystal in a pegmatite (sample 111546). H) Microphotograph of 
an altered large chrysoberyl crystal, apparently twined, surrounded by sillimanite, K-feldspar and quartz 
(pegmatitic dike, sample 111545). I) Microphotograph of an altered cordierite nodule of the Belvís BU 
leucogranite, including an allotriomorphic chrysoberyl crystal (sample 112114). J) Back-scattered electron 
image (BSE) of a partially altered cordierite nodule which includes quartz and beryl crystals (sample 112114). 
K) BSE image of a totally altered cordierite nodule with subidiomorphic to allotriomorphic beryl, quartz, 
muscovite and (Al-Fe)-rich phosphates (sample 112114). It is worth noting that although beryl is partially 










III.4.- Whole-rock geochemistry 
Five representative samples from the different Belvís units were selected for whole-rock analyses. The 
material processed and crushed was about 6–8 kg per sample, separating a fragment of each sample 
for thin and thick section analyses (petrography under transmitted light microscope, EPMA and LA–
ICP-MS mineral analyses), and whole-rock geochemistry. 
All the studied Belvís granitic units have peraluminous character (ACNK > 1.2) and S-type 
affinity (Villaseca et al., 2008b; Merino et al., 2013a; Merino Martínez et al., 2014). When compared 
to other granitic bodies belonging to the western segment of the Montes de Toledo batholith, the 
Belvís pluton is one of the most felsic and evolved granites (SiO2 up to 74.5 wt.%). In the A-B 
diagram (Debon and Le Fort, 1983; modified by Villaseca et al., 1998a), all the samples from the 
Belvís pluton fall into the highly felsic peraluminous field (fP; Fig. 3). The Belvís pluton is depleted in 
FeOt, MgO, TiO2 and CaO when compared to the W-MTB granitoids, whereas it is highly enriched in 
Na2O and P2O5 (Fig. 47). These leucogranites are also depleted in some trace elements (Sc, V, Cr, Zn, 
Ba, Th, Pb, Zr, Hf, Y and REE; Fig. 48; Table 3; Villaseca et al., 2008b; Merino et al., 2013a). 
However, they show the highest Rb, Ta, Be, U and Sn contents within the W-MTB (Fig. 48; Tables 1, 
4; Villaseca et al., 2008b; Merino et al., 2013a; Merino Martínez et al., 2014). Moreover, Belvís is the 
pluton most depleted in REE of the W-MTB (Fig. 49; Tables 1, 4).  
Within the Belvís pluton, the BU displays lower FeOt, MgO, TiO2, CaO and K2O contents with 
respect to the intermediate and central units, thus defining a reverse zoned pluton (Merino et al., 
2013a). In contrast, the border unit has the highest Na2O and P2O5 contents (up to 4.3 wt.% and 0.85 
wt.%, respectively; Fig. 47), more enriched than other perphosphorous and peraluminous evolved 
granites of central Spain (e.g., the Pedrobernardo pluton; Bea et al., 1994a). This external unit is 
mostly enriched in Rb, Sr, Ta, U and Be when compared to the intermediate and central units (Fig. 
48). The border and intermediate granitic units also show higher F and Li contents than the central 
leucogranite (Table 4). 
It is worth noticing that, although the Zn whole-rock content of the Belvís samples is much 
lower than that from other plutonic bodies within the western batholith, the Zn/FeTotal ratio is the 
highest in these samples, and it increases towards the most fractionated leucogranites of the BU 














Figure 47. Major-element variation diagrams of the Belvís leucogranites. 
CU: Belvís central unit; IU: Belvís intermediate unit; BU: Belvís border unit. 
Shaded areas represent the compositional field of most W-MTB granitoids. 








The chondrite-normalised REE patterns of the Belvís leucogranitic units are subparallel and 
show decreasing REE contents and (La/Yb)n ratios from the central to the external unit. The BU 
reaches the largest Eu negative anomaly of all granite units (Fig. 49). 
Figure 48. Trace-element variation diagrams of the Belvís leucogranites. Shaded areas represent 










All granites from the Belvís pluton plot close to the granite minima in the Qtz-Or-Ab normative 
diagram, with P(H2O) between 100 and 200 MPa (Fig. 50). Nevertheless, samples from the Belvís BU 
plot beyond the eutectic composition towards a higher Ab component (Fig. 50). This evolution occurs 
when increasing the fluxing components in the melt (London, 1992b). Hence, it would suggest that the 
most external unit of the Belvís pluton is enriched in fluxing components, and that the presence of B 
(F) and P promotes the reduction of the eutectic temperatures and an increase in the solubility limit of 
H2O, reducing further the viscosity of this silicate melt (London 1992b). 
 
 
Figure 49. Chondrite-normalised REE 
patterns of the Belvís units. The shaded 
area represents the REE composition of 
most W-MTB granitoids. Normalisation 
values from Sun and McDonough (1989). 
Symbols are as in Figure 47. 
Figure 50. Qtz-Or-Ab ternary diagram of the H2O-saturated haplogranite system showing the normative 
composition of the Belvís leucogranitic units compared to that the W-MTB granites (shaded area). Cotectics for 
P(H2O) = 1 and 5 kbar (solid lines) and minima for P(H2O) between 1 and 4 kbar and eutectic at 5 kbar (dashed 
line) are taken from Luth et al. (1964). Granite minima at 100 and 200 MPa (Tuttle and Bowen, 1958), 
“minimum melt compositions” and freezing point depression with the addition of fluorine (Manning, 1981) and 
boron (Pichavant, 1987), and the trend of compositional change of melts in the haplogranite system with 
phosphorus (solid arrow) are taken from London (1992a,b). Mineral abbreviations are after Kretz (1983).  




Table 4. Whole-rock major (wt.%), trace-element (ppm) and isotopic (Sr, Nd) composition of the Belvís 
granites.  
 
  Belvís CU  Belvís IU  Belvís BU 
Sample  111401 112106  106796  106792 106793 111329 
SiO2  73.46 72.02  74.08  73.34 74.51 72.71 
TiO2  0.18 0.11  0.10  0.04 0.03 0.04 
Al2O3  15.19 14.75  14.87  15.17 14.85 14.44 
Fe2O3  1.31 1.07  0.90  0.50 0.37 0.52 
MnO  0.021 0.022  0.02  0.05 0.02 0.013 
MgO  0.32 0.24  0.19  0.09 0.06 0.30 
CaO  0.45 0.51  0.46  0.39 0.41 0.56 
Na2O  3.41 3.57  3.77  4.11 4.30 4.21 
K2O  4.76 4.60  3.96  3.84 3.68 3.80 
P2O5   0.47 0.53  0.63  0.85 0.76 0.66 
LOI  1.33 1.10  1.19  0.99 0.94 1.64 
Total  100.9 98.53  100.2  99.37 99.92 98.90 
F  410 560  2087  1173 826 1279 
Li  150 132  289  219 85.8 212 
Ba  167 73  63  16 16 47 
Rb  355 354  459  569 430 428 
Sr  50 29  97  48 123 110 
Pb  31 27  18  10 10 20 
Th  7.99 2.82  1.9  0.73 0.59 1.21 
U  7.68 12.4  6.82  13.5 11.5 10.5 
Zr  78 46  44  28 20 34 
Nb  10.8 13.7  13.5  14.4 11.7 13.3 
Y  7.9 8.1  7.3  2.1 2.9 4.1 
Sc  3 2  2  1 <1 1 
Ga  24 23  21  21 20 19 
Ta  1.98 2.38  5.34  4.98 5.29 3.66 
Hf  2 1.6  1.6  1.4 1.3 1.3 
Cs  26.1 17.6  70.6  13.7 16.9 31.5 
Sn  24 20  50  34 23 44 
Be  5 6  18  54 33 23 
Zn  60 60  50  60 40 40 
Ge  2.1 2.5  2.3  2.8 2.8 3.4 
Tl  1.89 2.13  2.98  3.49 2.27 2.25 
Bi  1.9 10.8  3.3  2.1 1.1 2.2 
La  12.1 6.62  5  1.73 1.46 2.65 
Ce  27.6 13.9  11.3  3.84 3.23 6.09 
Pr  3.64 1.77  1.3  0.42 0.35 0.75 
Nd  14.6 6.57  5.38  1.62 1.47 2.85 
Sm  3.52 1.82  1.34  0.37 0.38 0.77 
Eu  0.352 0.179  0.153  0.034 0.03 0.074 
Gd  2.77 1.73  1.45  0.38 0.41 0.81 
Tb  0.43 0.32  0.28  0.07 0.09 0.14 
Dy  1.93 1.63  1.47  0.38 0.51 0.78 
Ho  0.27 0.24  0.2  0.06 0.08 0.13 
Er  0.68 0.53  0.48  0.15 0.21 0.33 
Tm  0.096 0.076  0.065  0.021 0.031 0.044 
Yb  0.54 0.43  0.39  0.13 0.18 0.25 
Lu  0.068 0.06  0.053  0.02 0.024 0.034 
∑REE  68.6 35.88  28.86  9.23 8.46 15.7 
Zn/FeTotal  0.007 0.008  0.008  0.018 0.016 0.011 
T W&H  746 702  703  670 646 678 
T M  774 740  736  692 685 703 
(87Sr/86Sr)  n.a. 0.8746  0.7768  0.8560 0.7604 0.7699 
(87Sr/86Sr)300  n.a. 0.7213  0.7180  0.7074 0.7170 0.7215 
(143Nd/144Nd)  n.a. 0.5123  0.5123  0.5122 0.5123 0.5123 
Ɛ(Nd)300  n.a. –6.08  –5.49  –5.48 –5.34 –6.18 
T W&H: Zircon saturation temperatures (in ºC) calculated according to Watson and Harrison (1983) 
geothermometer. T M: Monazite saturation temperatures (in ºC), according to Montel (1993) geothermometer, 




III.5.- Mineral chemistry 
Mean and representative major and trace-element composition of selected mineral phases from the 
granites described above are shown in Tables 5 to 7. In Supplementary Table II is shown the whole 
trace-element dataset of gahnite, chrysoberyl and beryl. 
III.5.i.- Main minerals chemistry 
Feldspars 
K-feldspar from the CU (and its aplitic segregation) has the highest albite component (Or80–92Ab8–20). 
In the IU the composition is more restricted and evolved (Or93–96Ab4–7). K-feldspar from the BU and 
the aplopegmatitic dikes reach the highest Or component, although displaying a wide compositional 
range (Or83–100Ab0–17; Fig. 51A). 
Plagioclase from the three units of the Belvís pluton, the aplitic segregation and the 
aplopegmatitic dikes has a Na-rich (Ab > 92 %mol) and F-rich (up to 0.16 wt.%; Table 5) 
composition. Plagioclase from the BU is compositionally the most heterogeneous (Ab93–100An0–4Or0–3; 
Fig. 51B).  
Feldspars from all the Belvís units and the aplopegmatitic bodies show a high concentration of 
P2O5 (up to 1.6 wt.% in K-feldspar, and up to 1.3 wt.% in plagioclase), much higher than feldspars 
from the rest of the western MTB granitic intrusions (Figs. 51A, B; Villaseca et al., 2008b; Merino et 
al., 2013a) and from other highly evolved peraluminous and perphosphorous plutons from the CIZ 
(e.g., the Pedrobernardo pluton; Bea et al., 1994a). The most P-rich feldspars belong to the BU and the 
aplopegmatites (Table 5). P2O5 content in feldspars from the aplitic segregate is slightly higher than in 
those from its host CU leucogranite (Figs. 51A, B; Table 2). 
Most trace elements in feldspars yield values below detection limits. However, the most evolved 
facies (BU and aplopegmatites) are characterised by an enriched composition in Li, Be, B, Zn, Cs, Sc, 
Nb and Hf, when compared to the CU (Fig. 52; Table 5). On the contrary, Sr, Ba, Eu and Pb are 
proportionally more enriched in feldspars from the central unit (Fig. 52), although they are present in 
minor proportions (Table 5). Feldspars are slightly enriched in Zn in those granites that contain Be- 
and Zn-rich phases (Fig. 52). 
 








White micas have a homogeneous composition with predominance of the muscovitic component 
(Table 6). Muscovite from the CU has the highest TiO2 content (up to 0.8 wt.%) and Mg# ratios (from 
0.5 to 0.6). On the contrary, TiO2 contents in muscovite from the IU and the BU are usually below 0.5 
wt.%, with Mg# ranging from 0.4 to 0.5, and from 0.3 to 0.5, respectively. The highest F content in 
muscovite correspond to the BU and the IU (up to 0.75 wt.% and 0.86 wt.%, respectively), whereas 
those from the aplopegmatites and the CU yield the lowest F values (Fig. 51C). In general, F (and 
FeO) is positively correlated with MgO, with a ratio of 1:1 (Fig. 51C). 
Figure 51. Plots of P2O5 vs mol% Or for K-feldspar (A) and mol% Ab for plagioclase (B), and F vs 
MgO (wt.%) composition of muscovite (C) and and biotite (D), from the Belvís leucogranitic units, 
the aplitic segregate of the Belvís CU, and the surrounding aplopegmatitic dikes. Shadowed grey 




Fe-micas follow the annite-siderophyllite series. Most of the biotites from the Belvís pluton are 
Al-rich, with values above those from other W-MTB granites (Villaseca et al., 2008b; Merino et al., 
2013a). MnO in biotite from the BU and the IU is higher than that from the CU, whereas Na2O and 
Mg# in biotite from this latter unit reach higher values (Table 6). F and P2O5 in biotite are also 
relatively enriched in the BU (up to 1.6 wt.% and 0.11 wt.%, respectively; Fig. 51D). 
Both micas are moderately to strongly enriched in F, Li, Be, Rb, Nb, Ta and W in the Belvís BU 
and in the aplopegmatites with respect to the CU (Fig. 52; Table 6), and relatively depleted in Sr, Ba, 
Cs (except in muscovite from the BU), Sc and Pb (Fig. 52; Table 6). Similarly to feldspars, micas from 




Figure 52. Relative enrichment and depletion of selected trace elements in feldspars and micas from the 
Belvís units and the surrounding aplopegmatitic dikes compared to those from the central unit. Chemical 










Number of analyses refers to EPMA (wt.%) and LA–ICP-MS (ppm) analyses, respectively. 
b.d.l.: below detection limit. Numbers in parenthesis refer to 1σ mean standard deviations. 
Mineral abbreviations are after Kretz (1983).
Sample 
 
Belvís CU  Belvís IU  Belvís BU  Aplopegmatites  Aplitic segregate in CU 
Mineral 
 
Kfs   Pl   Kfs   Pl   Kfs   Pl   Kfs   Pl   Kfs  
 
Pl  
No. of analyses 
 
4, 3  5, 3  6, 2  5, 2  17, 14  40, 19  22, 7  31, 8  9, 5 
 
7, 4 
SiO2  63.11 (1.21)  65.37 (0.32)  62.71 (0.36)  65.86 (0.47)  63.10 (0.47)  65.98 (0.62)  63.01 (0.63)  66.09 (0.84)  63.04 (0.33)  65.62 (0.48) 
Al2O3  18.99 (0.24)  20.89 (0.49)  19.24 (0.32)  20.60 (0.42)  18.92 (0.32)  20.35 (0.41)  18.79 (0.24)  20.48 (0.41)  18.71 (0.14)  20.35 (0.22) 
CaO 
 
0.01 (0.01)  0.76 (0.28)  0.01 (0.01)  0.59 (0.15)  0.01 (0.01)  0.44 (0.18)  0.01 (0.01)  0.50 (0.22)  0.01 (0.01) 
 
0.61 (0.20) 
Na2O  2.30 (0.78)  11.53 (0.29)  0.54 (0.12)  11.05 (0.42)  0.79 (0.26)  11.59 (0.37)  0.52 (0.25)  11.56 (0.23)  1.14 (0.22)  11.78 (0.18) 
K2O  12.70 (1.59)  0.22 (0.06)  16.12 (0.17)  0.21 (0.06)  15.52 (0.58)  0.22 (0.09)  15.79 (0.40)  0.21 (0.07)  15.42 (0.43)  0.20 (0.07) 
P2O5  0.51 (0.22)  0.52 (0.05)  0.78 (0.08)  0.59 (0.17)  0.81 (0.18)  0.71 (0.18)  0.77 (0.23)  0.68 (0.14)  0.79 (0.09)  0.81 (0.16) 
F 
 
0.01 (0.01)  0.01 (0.00)  0.01 (0.02)  0.02 (0.02)  0.02 (0.02)  0.02 (0.02)  0.02 (0.02)  0.02 (0.02)  0.01 (0.01)  0.02 (0.02) 
                               % An 
 
0.03 (0.03)  3.48 (1.27)  0.03 (0.03)  2.86 (0.76)  0.04 (0.04)  2.03 (0.87)  0.06 (0.05)  2.32 (1.00)  0.06 (0.07)  2.75 (0.90) 
% Ab 
 
21.77 (8.14)  95.34 (1.14)  4.86 (1.04)  95.93 (0.94)  7.15 (2.37)  96.77 (1.17)  6.55 (2.18)  96.53 (1.14)  10.09 (1.96)  96.20 (1.25) 
% Or 
 
78.20 (8.13)  1.18 (0.33)  95.10 (1.05)  1.21 (0.41)  92.81 (2.36)  1.20 (0.51)  93.39 (2.19)  1.14 (0.36)  89.85 (2.00)  1.05 (0.36) 
  
  
                                                          Li 
 




































































Table 6. Mean major (wt.%) and trace-element composition (ppm) of micas from the Belvís granites and cordierite from the BU. 
Sample  Belvís CU  Belvís IU  Belvís BU  Aplopegmatites  Aplitic segregate in CU 
Mineral 
 
Ms  Bt 
 
Ms  Bt 
 
Ms  Bt  Crd  Ms  Bt  Ms 
 
Bt 
No. of analyses 
 
4, 4  6, 3 
 
11, 3  6, 2 
 
46, 21  21, 11  9, 9  22, 9  7, 5  3, 2 
 
3, 2 
SiO2  45.36 (0.31)  34.68 (0.46)  45.73 (0.34)  35.08 (0.53)  45.13 (0.45)  34.82 (0.27)  45.07 (0.51)  45.52 (0.43)  34.65 (0.33)  45.69 (0.44)  34.59 (0.38) 
TiO2  0.54 (0.16)  2.38 (0.17)  0.39 (0.06)  2.03 (0.11)  0.30 (0.10)  1.52 (0.39)  0.01 (0.01)  0.19 (0.16)  1.77 (0.55)  0.32 (0.19)  2.87 (0.37) 
Al2O3  35.63 (0.17)  21.00 (0.26)  35.49 (0.61)  21.88 (0.46)  34.82 (0.59)  21.48 (0.37)  29.30 (0.46)  35.94 (0.74)  21.46 (0.56)  34.60 (0.36)  20.48 (0.30) 
FeO 
 
1.09 (0.16)  19.70 (0.51) 
 
1.48 (0.14)  20.52 (0.59) 
 





0.01 (0.01)  0.07 (0.02) 
 
0.01 (0.01)  0.21 (0.05) 
 





0.68 (0.04)  5.26 (0.09) 
 
0.69 (0.05)  3.25 (0.28) 
 





0.01 (0.01)  0.02 (0.01) 
 
0.01 (0.01)  0.01 (0.01) 
 
0.01 (0.01)  0.01 (0.01)  0.03 (0.02)  0.01 (0.02)  0.03 (0.03)  0.04 (0.03) 
 
0.01 (0.01) 
Na2O  0.71 (0.05)  0.48 (0.27)  0.69 (0.06)  0.09 (0.03)  0.49 (0.23)  0.08 (0.03)  2.08 (0.12)  0.63 (0.11)  0.08 (0.01)  0.68 (0.40)  0.13 (0.05) 
K2O  9.56 (0.15)  8.53 (0.14)  9.78 (0.59)  9.41 (0.09)  10.23 (0.42)  9.00 (0.32)  0.02 (0.01)  10.12 (0.48)  9.11 (0.15)  10.09 (0.37)  9.24 (0.18) 
NiO 
 
0.00 (0.00)  0.02 (0.02) 
 
0.03 (0.03)  0.02 (0.02) 
 
0.02 (0.02)  0.02 (0.01)  0.00 (0.00)  0.02 (0.02)  0.02 (0.02)  0.02 (0.01) 
 
0.01 (0.01) 
Cr2O3  0.04 (0.01)  0.03 (0.01)  0.01 (0.02)  0.01 (0.02)  0.03 (0.02)  0.03 (0.02)  0.01 (0.01)  0.02 (0.02)  0.03 (0.02)  0.01 (0.01)  0.00 (0.00) 
P2O5  0.03 (0.02)  0.06 (0.02)  0.06 (0.02)  0.05 (0.01)  0.05 (0.03)  0.06 (0.02)  0.08 (0.03)  0.08 (0.04)  0.03 (0.02)  0.07 (0.05)  0.07 (0.00) 
F 
 
0.30 (0.06)  0.71 (0.03) 
 
0.61 (0.13)  0.90 (0.18) 
 





0.05 (0.05)  0.16 (0.14) 
 
0.00 (0.00)  0.01 (0.00) 
 
0.01 (0.01)  0.03 (0.02)  0.01 (0.01)  0.01 (0.01)  0.01 (0.01)  0.15 (0.16) 
 
0.04 (0.03) 
Mg#  0.53 (0.02)  0.32 (0.00)  0.46 (0.02)  0.22 (0.02)  0.38 (0.03)  0.21 (0.04)  0.21 (0.01)  0.36 (0.08)  0.22 (0.03)  0.43 (0.05)  0.28 (0.01) 
X Ms  0.79 (0.01)     0.79 (0.01)     0.82 (0.04)        0.83 (0.02)     0.80 (0.07)    
X Pa  0.10 (0.01)     0.10 (0.01)     0.07 (0.03)        0.09 (0.02)     0.09 (0.05)    
Li 
 
481 (20)  2217 (189) 
 
935 (28)  5150 (140) 
 
967 (184)  5225 (500)  1906 (94)  335 (232)  3190 (208)  443 (4)  1510 (100) 
Be 
 
11.33 (1.29)  4.95 (1.55) 
 
11.80 (0.73)  9.75 (1.25) 
 





59.88 (5.58)  10.47 (8.28) 
 
41.90 (8.73)  4.94 (0.00) 
 





36.25 (16.75)  12.13 (3.11) 
 
33.83 (18.71)  4.84 (0.09) 
 





68.30 (5.05)  1403 (282) 
 
122 (11)  1665 (65) 
 





1046 (31)  2247 (69) 
 
1150 (47)  2330 (70) 
 





44.90 (7.45)  406 (278) 
 
22.23 (1.38)  321 (48) 
 





1.19 (0.08)  3.96 (4.82) 
 
1.63 (0.73)  0.19 (0.03) 
 





51.00 (5.10)  33.90 (11.40) 
 
53.83 (7.49)  31.30 (1.80) 
 





1.45 (0.51)  0.84 (0.28) 
 
2.02 (0.87)  0.42 (0.01) 
 





0.15 (0.01)  0.13 (0.00) 
 
0.19 (0.02)  0.08 (0.01) 
 





10.08 (2.12)  40.40 (5.93) 
 
11.67 (1.28)  61.90 (3.20) 
 





86.95 (22.05)  247 (33) 
 
95.97 (14.69)  321 (20) 
 





23.64 (13.63)  6.73 (1.37) 
 
50.37 (12.04)  8.76 (0.19) 
 





2.09 (0.21)  1.88 (1.17) 
 
1.78 (0.17)  1.73 (0.02) 
 





     
 
     
 
        
 
        
 
  
Number of analyses refers to EPMA and LA–ICP-MS analyses, respectively. 
b.d.l.: below detection limit. Numbers in parenthesis refer to 1σ mean standard deviations. 
Mineral abbreviations are after Kretz (1983). 
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III.5.ii.- Al-rich accessory minerals: cordierite, gahnite, chrysoberyl and 
beryl 
Cordierite 
Cordierite from the BU has the typical composition of magmatic cordierite, with high Na2O (up to 2.3 
wt.%), MnO (< 1.2 wt.%), FeO (up to 14.6 wt.%), and low MgO (less than 2.5 wt.%; Fig. 20; Table 6; 
Supplementary Table I; Villaseca and Barbero, 1994; Pereira and Bea, 1994). No chemical differences 
have been found between cordierite that includes either chrysoberyl or beryl crystals. Li and Be are the 
trace elements showing the highest concentrations in cordierite (mean contents of 1906 and 3920 ppm 
respectively), although other elements such as Zn, Cs and Rb may show significant concentrations: 
mean values of 493, 338 and 138 ppm, respectively (Table 6). 
 
Gahnite (ZnAl2O4) 
In general, gahnite displays a slightly heterogeneous composition, with the gahnite component ranging 
from 55 to 71 mol% and the hercynite component from 29 to 45 mol% (Fig. 53A). This is reflected in 
Zn/FeTotal ratios in the range 1.1–2.5 (Fig. 53C). Gahnite from a pegmatite dike shows the highest 
MgO contents (up to 1.7 wt.%), whereas the FeO and MnO concentrations are similar to those from 
other samples (Figs. 53A-C). This Mg enrichment is reflected in its higher spinel molecular 
component (up to 7.6 mol% versus up to 2.6 mol% in other gahnite grains; Fig. 53A; Table 7). 
Gahnite crystals found in other aplitic dikes have similar composition to those from the BU (Figs. 
53A-C). Gahnite usually displays a slight chemical zonation characterised by an increase of Mg 
content with decreasing Mn concentration and Zn/FeTotal ratio from core to rim (Fig. 53C). The 
opposite chemical zoning is found in gahnite from the pegmatite (Fig. 53C).   
Gahnite from Belvís granites enlarges the previously known igneous field towards higher Fe 
contents (higher hercynite component; Figs. 53A, B). Furthermore, gahnite from the Belvís pegmatite 
also increases the igneous field towards slightly higher Mg contents (higher spinel component). 
Gahnite shows significant Li, Be and Co contents (Table 7; Supplementary Table II). In fact, the 
Be concentration is higher than in most of the other granite mineral phases (e.g., K-feldspar, 
plagioclase and biotite), but similar to that of muscovite and clearly lower than in cordierite (Tables 5-
7). Gahnite from the BU has a wide range of trace-element composition (Table 7), having the highest 
concentrations of Li (up to 182 ppm, almost doubling the values for other gahnites) and Be (from 23.1 
to 34.7 ppm; Table 7; Supplementary Table II). In the case of Co, gahnite from the pegmatitic dike 










Figure 53. A) Gahnite (Ghn)-spinel (Sp)-hercynite (Hc) diagram showing the composition of the studied 
gahnite crystals. The bottom diagram shows the compositional fields of gahnite from different tectonic 
settings (after Heimann et al., 2005, modified from Ghosh et al., 2011). 1: marbles; 2: metamorphosed 
massive sulphide deposits and S-poor rocks in Mg-Ca-Al alteration zones; 3: metamorphosed massive 
sulphide deposits in Fe-Al metasedimentary and metavolcanic rocks; 4: metabauxites; 5a: granitic; 5b: 
proposed enlarged field of igneous gahnite; 6: unaltered and hydrothermally altered Fe-Al rich 
metasedimentary and metavolcanic rocks; 7: Al-rich granulites. B) (Zn+Mn)/Al vs (Fe+Mg)/Al (apfu) and C) 
Zn/FeTotal vs Mg (apfu), compositional diagrams of gahnite from the Belvís BU and from the aplitic and 
pegmatitic dikes. Light and dark grey areas represent, respectively, the igneous and metamorphic 
compositional fields of gahnite from worldwide localities (modified from Tindle and Breaks, 1998). Igneous 
data from Batchelor and Kinnaird (1984), Soares et al. (2007), Spry and Scott (1986), Tindle and Breaks 
(1998), Tulloch (1981), Zhaolin et al. (1999); metamorphic compilation from Batchelor and Kinnaird (1984), 
Chattopadhyay (1999), Downes and Bevan (2002), Ghosh et al. (2011), Heimann et al. (2005), Spry (1987), 
Spry and Scott (1986). Mineral abbreviations are after Kretz (1983) and as in Figure 43B. 








Belvís BU  Pegmatite  Aplopegmatite 
Sample 
 
111533  111533  112114  111545  112099 
 
24  160  46  36  25 Analysis 
  
Included in Pl  Included in Ms  Included in Pl  Included in Pl   Included in Pl 
 
 
         Al2O3  58.63  59.10  58.86  60.50  59.02 
FeO 
 
15.43  14.91  16.00  11.71  12.25 
MnO 
 
0.25  0.04  0.29  0.16  0.29 
MgO 
 
0.37  0.42  0.43  1.26  0.34 
Cr2O3  0.03  0.01  0.00  0.05  0.01 
ZnO 
 
25.02  26.6  23.86  25.60  27.36 
Total 
 
99.73  101.04  99.47  99.29  99.26 
No. of ions in formula based on 32 O atoms 
Al 
 
16.28  16.24  16.32  16.57  16.42 
Fe 
 
3.04  2.91  3.15  2.28  2.42 
Mn 
 
0.05  0.01  0.06  0.03  0.06 
Mg 
 
0.13  0.15  0.15  0.44  0.12 
Cr 
 
0.01  0.00  0.00  0.01  0.00 
Zn 
 
4.35  4.57  4.15  4.39  4.77 
% Ghn 
 
57.5  59.92  55.25  61.54  64.76 
% Hc 
 
40.14  38.08  41.95  31.89  32.83 
% Sp 
 
1.71  1.90  2.02  6.12  1.61 
% Glx 
 
0.65  0.09  0.77  0.45  0.80 
LA–ICP-MS trace-element analyses 
Li  104  112  143  63.0  97.1 
Be  32.3  30.4  26.0  33.4  9.20 
V  6.74  46.4  7.14  4.31  0.17 
Co  3.62  2.67  31.3  39.2  b.d.l. 
Zna  201 010  213 420  191 684  205 645  219 774 
Rb  b.d.l.  b.d.l.  0.14  b.d.l.  b.d.l. 
Sr  0.05  b.d.l.  b.d.l.  b.d.l.  b.d.l. 
Zr  0.16  b.d.l.  b.d.l.  b.d.l.  0.07 
Ta  b.d.l.  b.d.l.  b.d.l.  10.0  b.d.l. 
Nb  b.d.l.  b.d.l.  b.d.l.  1.01  b.d.l. 
Pb  0.22  b.d.l.  0.14  0.17  0.14 
U  0.33  b.d.l.  0.09  b.d.l.  b.d.l. 
           
% Ghn, % Hc, % Sp and % Glx refers to the molecular percentage of gahnite (Zn), hercynite (Fe), spinel 
(Mg) and galaxite (Mn), respectively. 
a
 Data obtained by EPMA (wt.%) is converted into ppm. b.d.l.: below detection limit. 







Chrysoberyl from the Belvís BU has FeO contents ranging from 0.44 to 0.60 wt.%, much 
lower than those from metamorphic rocks (2.5 to 3.2 wt.%; Downes and Bevan, 2002) or 
metamorphosed pegmatites (1.79 wt.%; Franz and Morteani, 1984), and slightly lower than in 
granitic pegmatites (0.67 to 1.3 wt.%; González del Tánago, 1991; Soman and Nair, 1985; 
Fig. 54A). TiO2 content varies from 0.05 to 1.71 wt.%, whereas the Cr2O3 content is almost 
negligible (up to 0.06 wt.%; Table 8). These TiO2 concentrations are higher than those 
reported in granitic pegmatites from the available literature (Fig. 54B). On the other hand, 
chrysoberyl in metamorphic rocks usually has TiO2 concentrations below detection limits and 
Cr2O3 contents up to 1.36 wt.% (e.g., Downes and Bevan, 2002). 
Similar to gahnite, chrysoberyl does not accept many trace elements in its structure, but 
it can contain minor amounts of Ta, B, Nb, V, Zn, Li, Sc, Co, Zr, W, U (< 1 ppm) and REE (< 
1 ppm) (Supplementary Table II). In general, Be contents measured in chrysoberyl are higher 
than those obtained in beryl from the same sample (Supplementary Table II). Chrysoberyl 
reaches its maximum trace-element concentrations in the BU leucogranite (similarly to other 
mineral phases), with Ta up to 273 ppm, B up to 104 ppm and Nb up to 60 ppm (Table 8; 
Supplementary Table II). In this unit the chrysoberyl Be and Li contents are also higher than 




Figure 54 (next page). A) FeO vs Al2O3 (wt.%) and B) TiO2-FeO-Cr2O3 (wt.%) variation diagrams for 
chrysoberyl from the Belvís BU, the surrounding aplopegmatites, and the aplitic segregate of the Belvís CU. 
The composition of pegmatitic (orange) and metamorphic chrysoberyl (green) is also plotted for comparison. 
Compiled data from Downes and Bevan (2002), Franz and Morteani (1984), González del Tánago (1991) and 
Soman and Nair (1985). C) Na2O vs FeO (wt.%), D) Cs/Na vs Mg/Fe (apfu), E) Rb vs Cs (ppm), and F) Na/Li 
vs Cs (ppm) diagrams for beryl from the Belvís BU and the aplitic segregate of the CU. The beryl composition 
from other tectonic settings worldwide has been plotted in diagrams C and D for comparison, as well as the 
magmatic trend found in other magmatic beryl crystals (Uher et al. 2010). Green field: metamorphic beryl; light 
pink field: igneous beryl (mainly pegmatitic); dotted and dashed line represents hydrothermal and metasomatic 
beryl, respectively. Dashed lines in diagrams E and F represent beryl chemistry trends followed in some Li- and 
Be-rich pegmatites (Černý et al., 2003; Wise and Brown, 2010). Data from Černý et al. (2003), Downes and 
Bevan (2002), González del Tánago (1991), Groat et al. (2008), Rao et al. (2011), Soman and Nair (1985), Uher 
et al. (2010), and Zhaolin et al. (1999). Purple crosses: beryl from the BU; purple diagonal crosses: beryl 
included in altered cordierite (BU); blue diamonds: beryl from the aplitic segregate of the CU. 











Beryl composition is relatively homogeneous, with Na2O and FeO contents ranging from 0.1 to 0.43 
wt.% and from 0.15 to 0.51 wt.%, respectively (Fig. 54C). The highest Na and Fe values correspond to 
beryl included in altered cordierite (Figs. 46K, 54C). 
Contrary to chrysoberyl, the B, Ta and Nb concentrations are negligible within beryl, whereas it 
hosts trace contents of Li, Zn, Cs and Rb. Beryl from the BU contains higher concentrations of Li, Zn 
and Rb and lower of Cs and Be when compared to beryl from the aplitic vein (Table 8; Supplementary 
Table II). In this latter segregate, the highest Cs contents correspond to a (Na, Fe)-rich beryl included 
in altered cordierite (Figs. 54D-F). 
The general compositional trend followed by the Belvís beryl is equivalent to that described in 
other magmatic beryl, with a strong increase in Cs/Na values and low Mg/Fe ratios (Fig. 54D). In 
highly evolved peraluminous pegmatites, beryl presents a negative correlation between Be and Li-Cs-
Rb (tetrahedral type-2 substitutions according to Barton and Young, 2002). However, the Cs, Rb and 
Li contents in the studied beryl crystals are much lower than in those from Be- and Li-rich pegmatites 
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Table 8. Representative major (wt.%) and trace-element composition (ppm) of chrysoberyl (Chb) and beryl (Brl) 




Belvís BU  Aplitic segregate in CU  Aplopegmatite 
Sample 
 
111533  112114  111533  112114  112109  112109  111545 
Mineral 
 
Chb  Chb  Brl  Brl  Chb  Brl  Chb 
 








 Included in 









                      SiO2  0.02  0.04  65.95  65.16  0.02  66.21  0.11 
TiO2  0.11  0.23  0.00  0.00  0.54  0.00  0.02 
Al2O3  78.63  80.36  18.54  18.08  78.26  18.40  79.14 
FeO 
 
0.55  0.55  0.30  0.41  0.44  0.16  0.27 
MnO 
 
0.00  0.00  0.02  0.00  0.01  0.01  0.01 
MgO 
 
0.00  0.00  0.10  0.13  0.02  0.10  0.01 
CaO 
 
0.00  0.01  0.01  0.01  0.03  0.01  0.01 
Na2O  0.02  0.00  0.22  0.34  0.02  0.21  0.03 
K2O  0.00  0.00  0.02  0.02  0.01  0.00  0.03 
Cr2O3  0.02  0.04  0.04  0.00  0.04  0.00  0.00 
Total 
 
79.33  81.23  99.83  99.72  79.38  99.83  79.60 
BeOa 
 
19.32  21.10  15.76  15.57  18.96  15.88  19.93 
No. of ions in formula 
Si  0.00  0.00  5.84  5.83  0.00  5.85  0.00 
Ti  0.00  0.00  0.00  0.00  0.01  0.00  0.00 
Al  1.99  1.96  1.93  1.91  2.00  1.92  1.97 
Fe  0.01  0.01  0.02  0.03  0.01  0.01  0.01 
Mn  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
Mg  0.00  0.00  0.01  0.02  0.00  0.01  0.00 
Ca  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
Na  0.00  0.00  0.04  0.06  0.00  0.04  0.00 
K  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
Cr  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
Be  1.00  1.05  3.35  3.36  0.99  3.37  1.04 
% BeO  52.03  51.54  33.00  32.81  49.68  33.11  51.33 
% Al2O3  47.95  48.42  9.52  9.44  50.30  9.41  48.67 
% SiO2  0.02  0.04  57.47  57.74  0.03  57.48  0.00 
LA–ICP-MS trace-element analyses 
Li  b.d.l.  b.d.l.  203  313  b.d.l.  195  b.d.l. 
Be  69 600  76 000  56 800  56 100  68 300  57 200  71 800 
B  104  13.3  b.d.l.  b.d.l.  b.d.l.  b.d.l.  10.5 
Sc  b.d.l.  b.d.l.  3.68  5.46  b.d.l.  3.04  b.d.l. 
V  1.55  11.7  1.94  b.d.l.  1.72  b.d.l.  0.35 
Co  b.d.l.  b.d.l.  14.9  b.d.l.  b.d.l.  0.2  0.48 
Zn  b.d.l.  4.75  193  120  b.d.l.  138  b.d.l. 
Rb  b.d.l.  b.d.l.  32.9  22.4  b.d.l.  19.1  b.d.l. 
Sr  b.d.l.  b.d.l.  0.29  0.16  b.d.l.  b.d.l.  0.04 
Cs  b.d.l.  b.d.l.  67.3  280  b.d.l.  705  b.d.l. 
Zr  0.42  b.d.l.  0.19  b.d.l.  0.22  b.d.l.  b.d.l. 
Ta  22.5  17.5  b.d.l.  b.d.l.  3.27  0.07  121 
Nb  30.6  1.36  b.d.l.  b.d.l.  1.33  b.d.l.  7.71 
W  9.84  b.d.l.  0.18  b.d.l.  0.54  b.d.l.  b.d.l. 
Pb  b.d.l.  b.d.l.  1.55  b.d.l.  b.d.l.  b.d.l.  b.d.l. 
U  b.d.l.  b.d.l.  0.03  1.06  b.d.l.  b.d.l.  b.d.l. 
               
Structural formula calculated on basis on 4 oxygen atoms (chrysoberyl) and on 18 oxygen atoms (beryl).  
a
 Data obtained by LA–ICP-MS (ppm) is converted into % oxide. 
b.d.l.: below detection limit. 





III.6.i.- The Belvís reversely zoned pluton: a case of a highly evolved 
granitic magma 
The Belvís pluton is a highly felsic (SiO2 > 72 wt.%) peraluminous (ACNK > 1.2) and perphosphoric 
(P2O5 up to 0.85 wt.%) fractionated granite. Its petrographic features, whole-rock composition and 
mineral chemistry allow the distinction of a reverse zoning, with the border unit characterised by the 
most leucocratic Fe-Mg-Ti-REE-poor facies, similarly to other reversely zoned granites: the Turtle 
pluton in SE California (Allen, 1992), the Castelo Branco pluton in Portugal (Antunes et al., 2008), the 
Říčany pluton in Czech Republic (Janoušek et al., 1997), and the Notch Peak granitic stock in Utah 
(Nabelek et al., 1986). Moreover, the external unit is enriched in highly incompatible elements and 
developed a mineral assemblage which includes many different accessory phases uncommon in 
granites (i.e., beryl, chrysoberyl, gahnite, U-rich monazite and xenotime, and (Al-Fe-Mn-Ca)-
phosphates). 
 The Belvís BU leucogranite shows high P, F, Li, Rb, Sn, Cs, Ta, Be and U contents (Figs. 47, 
48; Table 4; Merino et al., 2013a). Correlatively, this unit has rock-forming minerals enriched in some 
incompatible elements when compared with those from the other Belvís units. In this regard, both 
feldspars and micas from the BU are comparatively enriched in Li, Be, B and F, and some of them are 
slightly enriched in Rb, Cs, Sc and Zn (Fig. 52; Tables 5, 6). The above chemical differences might be 
indicative of a variable degree of crystal fractionation in each unit. This possibility is also reflected in 
the increase of P2O5 content in both Na- and K-rich feldspars from the central unit (up to 0.6 and 0.8 
wt.%, respectively) to the border unit (up to 1.3 and 1.4 wt.%, respectively; Figs. 51A, B). According 
to Kontak et al. (1996) and London (1992a), the P content of feldspar increases with the degree of 
granitic magma evolution, as also occurs in the whole-rock composition, favoured by the high 
peraluminous character of the melt. 
In order to constrain the nature of the differentiation processes which operated in the Belvís 
pluton, we have applied a crystal fractionation model using trace elements which are mainly controlled 
by main minerals (i.e., Rb and Ba). The parameters used are detailed in the caption to Figure 55. The 
resulting evolution trends are in accordance with the chemical variation depicted by samples from the 
three Belvís units and the results support the contention that the IU and the BU may represent evolved 
melts derived by fractional crystallisation (plagioclase + K-feldspar + biotite + quartz) from an initial 
monzogranitic to granodioritic magma with a composition close to that of the CU. A fractionation 
degree in the range of 20–40% is required to explain the most evolved BU composition (Fig. 55). This 
does not imply that both the IU and BU granites are directly derived by fractional crystallisation of the 
CU granite, but instead they likely represent differently evolved pulses from a deeper magma chamber 
with a composition similar to the less fractionated CU granite. The range of initial Sr–Nd isotopic 
ratios between all the granite units (ƐNd300 from –5.34 to –6.18; (87Sr/86Sr)300 mainly from 0.7170 to 
0.7215; Table 4) suggests that they are derived from isotopically heterogeneous parental melts. At 
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magma stagnation levels, physical (and fractional crystallisation) processes are not sufficiently 
efficient to homogenise the marked initial isotope heterogeneity of the magma batches, and the 
isotopic signature of the Belvís units simply reflects the source-inherited heterogeneities (Clemens and 





The reverse zoning in granite intrusions has been widely attributed to several processes: i) flow 
segregation of mafic minerals towards the core; ii) reordering of an underlying and vertically stratified 
magma chamber by sequential emplacement of composite pulses (Allen, 1992; Antunes et al., 2008); 
iii) intrusion of a single magmatic pulse with major fractionation in the magma chamber before the 
final emplacement (Janoušek et al., 1997; Nabelek et al., 1986); and iv) discontinuous magma 
injection (Hecht and Vigneresse, 1999). The reverse zoning in the Belvís pluton would be the result of 
the emplacement of successive magmatic pulses which have previously evolved by fractional 
crystallisation from a more primitive melt in a deeper magma chamber. The high concentration of 
volatile and fluxing components in the most evolved unit (BU), and therefore its lower density and 
viscosity, would promote its emplacement previous to the ascent of the other leucogranitic units (IU 
Figure 55. Plot of Rb vs Ba (in ppm) showing the 
results of a fractional crystallisation model 
(CL=CO*F(D-1)) together with bulk-rock data from 
the Belvís granite units. The initial melt 
composition (CO) of Rb and Ba used in the 
modelling is Ba = 167 ppm and Rb = 355 ppm. The 
vectors represent the fraction of melt (tick-marks 
intervals of 10%) starting from the initial 
composition described above. The model considers 
two evolution trends with the following modes of 
the fractionating minerals:  Fc1 = 35% Pl, 25% Kfs, 
10% Bt and 30% Qtz; and Fc2 = 50% Pl, 20% Kfs, 
5% Bt and 25% Qtz. Distribution coefficients of Rb 
and Ba in K-feldspar, plagioclase and biotite for 
peraluminous felsic melts according to Icenhower 
and London (1995, 1996). Mineral abbreviations are 




and CU). The sequential emplacement of slightly less evolved melts from the magma chamber gave 
rise to the reversely zoned pattern of the Belvís pluton (Fig. 43C). 
The BU of the Belvís pluton shows similarities to beryl-rich granitic pegmatites, which have an 
affinity with the LCT (Li-Cs-Ta) geochemical family of granitic pegmatites (Černý, 1991). The bulk 
composition of these pegmatites also overlaps the granite minimum in the Qtz-Or-Ab system (Shearer 
et al., 1992). Černý (1991) describes these pegmatites as leucocratic, potassic and peraluminous, and 
associates their origin with granites formed by melting of undepleted metapelitic supracrustal rocks. 
Granites from the western MTB have been interpreted as derived from heterogeneous 
metasedimentary sources on the basis of whole-rock and isotope geochemistry (Villaseca et al., 2008b; 
Merino Martínez et al., 2014). In this regard, micas from the source might account for an initial 
enrichment of Be in the melt, as those minerals are the likely reservoir of most Be (Armbruster and 
Irouschek, 1983; Evensen and London, 2002, 2003). The perphosphoric character of these plutons 
have been interpreted as a possible chemical fingerprint inherited from P-rich metasedimentary source 
rocks (Villaseca et al., 2008b; Merino et al., 2013a; Merino Martínez et al., 2014), due to the high P 
contents observed in the W-MTB granites (P2O5 > 0.3 wt.%) when compared to other granite 
batholiths of the CIZ at similar differentiation values (e.g., SiO2 or ASI contents; see Figs. 8 and 13 
from Villaseca et al., 2008b). In any case, crystal fractionation processes also have lead to 
incompatible and volatile enrichment in highly felsic residual melts (Shearer et al., 1992), as occurs in 
the Belvís pluton. 
 
 
III.6.ii.- Chemical constraints on the origin of beryl, chrysoberyl and 
gahnite. An approach to mineral compatibilities in the BASH system 
The absence of reaction textures between beryl and chrysoberyl contradicts the possibility that the 
latter was derived by breakdown of primary magmatic beryl, as postulated for some metamorphosed 
pegmatites (Franz and Morteani, 1984). The presence of idiomorphic to subidiomorphic beryl and 
chrysoberyl crystals included in the main minerals (Figs. 46A-K) suggests an early crystallisation of 
these accessory phases. Furthermore, although the Be-rich cordierite decomposition could be a source 
for other Be-rich phases, the crystallisation of primary beryl comagmatic with cordierite has also been 
described (e.g., Jobin-Bevans and Černý, 1998). Nevertheless, the presence of beryl crystals included 
in interstitial quartz or feldspars (Figs. 46B-C) implies that this mineral might have also crystallised 
during late magmatic stages and thus, that the magma was saturated in Be up to the final stages of 
cooling. Regarding gahnite, there is no textural evidence in the studied rocks to indicate a potential 
introduction of a Zn-rich hydrothermal fluid (Downes and Bevan, 2002). Tulloch (1981) suggested 
that the absence of biotite and other major Zn-rich minerals might promote the crystallisation of other 
Zn-bearing magmatic phases and this is in agreement with the presence of gahnite in the Belvís 
granites. The lack of alteration features, the idiomorphic to subidiomorphic shape of gahnite and its 
presence either disseminated in the rock or included within primary main phases (Figs. 45A-F), 
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suggest an early magmatic origin of this mineral. The occurrence of gahnite in the surrounding granite 
dike swarm also supports a magmatic origin. Hence, all of these textural features, together with their 
igneous-like chemical composition (Figs. 53A-C, 54A-F), suggest that these Zn-Al-Be-rich minerals 
crystallised in equilibrium with the other minerals from a felsic peraluminous granite melt. 
The most important factors controlling the precipitation of Be-rich minerals are temperature, 
activity of mineral-forming components (BeO, SiO2 and Al2O3) and possible speciation reactions 
involving fluxing elements (i.e., F, B, Li and P; Charoy, 1999; Evensen et al., 1999). In fact, the 
diffusivities of Si and Al control the chemical diffusivities of all non-alkali elements (Baker, 1989). 
Experimental studies have shown that the association of beryl and chrysoberyl may coexist in 
moderately to strongly peraluminous magmas (ASI > 1.05; Evensen et al., 1999). A crystal 
fractionation process involving quartz, two feldspars and biotite may have increased in one order of 
magnitude the Be content from the central to the border unit of the Belvís pluton (from 5 ppm to 54 
ppm, respectively; Fig. 48; Table 4). This is in accordance with experimental data for Be partitioning, 
calculations on the Be crustal cycle (Evensen et al., 1999; Evensen and London, 2002), and 
observations in other evolved S-type leucogranites and pegmatites (Charoy and Noronha, 1996; 
Shearer et al., 1987). This enrichment may result in the precipitation of Be-rich phases, such as beryl 
and chrysoberyl and the abundance of fluxing components (mainly P and B) may lead to lower 
crystallisation temperatures (London, 1992b; Manning and Pichavant, 1983), thus facilitating beryl 
saturation (Evensen et al., 1999). Beryl is common in peraluminous granitic rocks both because low 
BeO contents are required to saturate these (Al-Si)-rich melts in beryl and because they acquire higher 
BeO contents by mica melting reactions at their source (Evensen et al., 1999). The beryl saturation is 
reached at tens to few hundreds ppm BeO in beryl-bearing pegmatites and evolved S-type 
leucogranites at temperatures between 600 and 650º C and at pressures around 200 MPa H2O, 
dependent on the temperature and alumina activity at which the crystallisation took place (Evensen 
and London, 2002; Evensen et al., 1999). Hence, the Be contents in the BU leucogranite, although 
significantly lower than typical values in beryl-bearing pegmatites (from 100 to 1600 ppm; London 
and Evensen, 2002, and references therein) and in beryl-bearing granites (145 ppm in the Argemela 
granite, Portugal; Charoy, 1999), could be enough to reach the beryl saturation at temperatures 
between 650 and 750 ºC. The low averaged temperatures calculated for the Belvís BU (664 and 693 
ºC; Table 4) favour beryl and chrysoberyl crystallisation. The absence of beryllosilicates (i.e., 
phenakite) and beryllophosphates (i.e., herderite, hurldutite) may be related to low F and P2O5 
activities in a Si- and Al-rich setting (Barton, 1986; Charoy, 1999; Rao et al., 2011). 
There is no correlation between Zn and Be with differentiation in evolved granites. Zn is 
commonly concentrated in residual melts and late stage aqueous solutions during magma 
differentiation (Holland, 1972), and it is eventually incorporated within late Fe minerals, which leads 
to an increase in the whole-rock Zn/FeTotal ratio (Batchelor and Kinnaird, 1984; Taylor, 1965). In this 
regard, it is worth noting that the gahnite-bearing border unit displays higher Zn/FeTotal whole-rock 
ratios when compared to the other units (Zn/FeTotal > 0.01; Table 4). Nevertheless, Zn-rich phases, 




crystals from pegmatites (Thomas et al., 2009; Uher et al., 2010; Zhaolin et al., 1999). These Zn-rich 
inclusions imply that melts or fluids with high volatile concentrations may promote the transport of 
rare metals (Thomas et al., 2009), such as Zn (and Be) as is the case of the Belvís BU and the 
aplopegmatites. 
To explain the accessory mineral assemblage present in the Belvís BU, the chemical 
compatibilities between the different coexisting phases have been considered in the chemographic 
BeO-Al2O3-SiO2-(H2O) system (BASH; Fig. 56A). As illustrated in the BASH system, chrysoberyl is 
the only aluminous phase compatible with all the minerals described above (Fig. 56A). Beryl and 
gahnite are not found together in apparent microstructural equilibrium in the studied samples. This is 
in agreement with the experiments of Evensen et al. (1999), in which in silica- and alumina-saturated 
conditions the only stable aluminous phase coexisting with beryl is chrysoberyl, and beryl is not stable 
with other Al-rich minerals such as aluminosilicates (andalusite, sillimanite) or corundum (equivalent 
to gahnite in Figs. 56A, B). This does not imply that beryl and gahnite cannot be found in the same 
rock, as shown by the samples from the Belvís BU granite, but they did not crystallise together in the 
same microtextural domain, clearly suggesting a lack of equilibrium between them. 
The mineral assemblage described in the Belvís BU suggests that the melt was silica- and 
alumina-saturated; hence, the activities of these components (Si, Al) was extremely high at the 
beginning of crystallisation of the (Be, Zn)-rich accessory phases. As shown in many experimental 
studies (see Barton, 1986; Barton and Young, 2002; Evensen et al., 1999; London and Evensen, 2002), 
high Si activity in the melt would favour the formation of chrysoberyl and beryl instead of corundum 
(or gahnite; Fig. 56B). The opposite situation occurs when the melt reaches the highest alumina 
activity values, which allow the stabilisation of the chrysoberyl-gahnite association, but does not 
permit the co-precipitation of beryl and gahnite (Fig. 56B). In the Belvís BU, the most plausible 
context to explain the observed mineral assemblages is the existence of microdomains with variations 
in the activity of chemical components. Thus, those places in the melt with high alumina activity 
would precipitate gahnite as the stable Al-rich accessory phase (assemblages 1 in Figs. 56A, B). A 
further decrease in the activity of this component would promote the stability of Chb ± Sill ± Ms ± Kfs 
± Qtz (assemblage 2 in Figs. 56A, B). 
As noted above, microdomains with lower alumina activities imply comparatively slightly 
higher silica activities (Fig. 56B), and this environment would allow the stabilisation of Brl + Chb ± 
Kfs ± Qtz and Brl ± Kfs ± Qtz (assemblages 3 and 4 in Figs. 56A, B). As bromellite (Brm) and 
phenakite (Ph) are not present in the mineral paragenesis, the activities of both silica and alumina must 
be high (Fig. 56B); therefore, small chemical variations may promote the crystallisation of several 
phases, with the alumina activity being a major controlling factor. Moreover, BeO is usually a minor 
component which commonly leads to the crystallisation of a single saturating Be phase (Barton and 
Young, 2002). This may explain the preferential crystallisation of chrysoberyl instead of beryl in a 
high Al environment, and the absence of beryl in the aplopegmatitic complex is in agreement with 
this. 
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The existence of chemical microdomains within highly felsic leucogranites could be related to 
models explaining significant chemical changes in a smaller volume of rock than do classical 
fractional crystallisation processes. In this respect, constitutional zone refining (CZR) due to boundary 
layer liquids (e.g., London and Morgan, 2012) and melt-melt-fluid immiscibility (e.g., Thomas et al., 
2012) are among the most recent petrogenetic models for granitic pegmatites and their complex 
mineralogical (and textural) heterogeneities. Minute blobs and globules of gahnite associated with 
quartz within large beryl crystals in other granitic pegmatites (Uher et al., 2010; Zhaolin et al., 1999) 
have been explained as immiscible melt inclusions. The absence of gahnite outside these beryl 
crystals, casts serious doubt on the co-precipitation of both minerals and equilibrium between them. In 
these studies the coexistence of gahnite and beryl could be explained by the melt-melt immiscibility 
model (e.g., Thomas et al., 2012; Zhaolin et al., 1999) in which gahnite may be a consequence of 
crystallisation from immiscible droplets of a separate (Si-Al)-rich liquid where Zn would 
preferentially migrate. Contrary to this, in the Belvís BU leucogranite, it is more likely that the buildup 
of fluxing components (e.g., P, B) in a boundary layer associated with crystal growth, and the 
sequestering of incompatible components within this interface (CZR processes), promoted the 
formation of microdomains with contrasted chemical features. This process would favour the 
crystallisation of complex Be- and Zn-rich aluminous or silicate mineral assemblages, some of them 














Figure 56. A) SiO2-Al2O3-BeO-H2O system (projected from H2O) showing the tie lines of the studied 
compatible mineral assemblages: (1) gahnite + chrysoberyl; (2) chrysoberyl; (3) chrysoberyl + beryl; 
(4) beryl. B) Beryllium mineral stability as a function of temperature and concentration of aqueous 
silica (i) and the activity of alumina (ii) at 1 kbar (extrapolated to slightly higher T from Barton and 
Young, 2002). Dark and light grey lines represent the limits of chrysoberyl and beryl, respectively. The 
shaded rectangles represent an estimation of the silica and alumina activity conditions which could have 
operated to produce the mineral assemblages of the Belvís BU leucogranite. Areas 1 to 4 refer to the 
mineral assemblages shown in A. Mineral abbreviations are after Kretz (1983) and as in Figure 43B. 
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IV.- P–T EMPLACEMENT CONDITIONS OF THE 
MONTES DE TOLEDO BATHOLITH 
IV.1.- Introduction 
The absence of deformation structures in almost all the MTB granitoids (Figs. 7, 10) likely suggests 
that their emplacement occurred during post-tectonic stages. Nevertheless, type-1 granitoids show 
higher heterogeneity in their magmatic fabric and deformation and mingling textures between different 
granite lithotypes (Fig. 5), which might suggest that their emplacement were probably related to 
previous late-tectonic stages. 
Besides the main post-tectonic character of the MTB granitoids, the western MTB granites 
mostly intruded into Neoproterozoic metasediments from the Schist-Greywacke Complex (Fig. 2), 
whereas the eastern plutons are more allochthonous, and penetrated into Lower Paleozoic series. The 
Mora-Las Ventas batholith (E-MTB) intruded along the Toledo listric fault (Figs. 1, 2), a late Variscan 
E–W shear band which gave rise to a core complex-like structure, separating a large anatectic complex 
to the north (the ACT; Andonaegui, 1990; Barbero, 1992b; Barbero and Villaseca, 1992) from 
epizonal metamorphic series to the south. Furthermore, the late-Variscan Toledo shear band is 
coincident with the general E–W granitic array of the MTB, suggesting a tectonic control of granite 
emplacement within the Montes de Toledo region. In fact, the change in behaviour from ductile to 
brittle faulting from east to west across the MTB is perceptible, but the tectonic control and the main 
mechanism triggering partial melting and giving rise to this segmented batholith remains to be 
evaluated. It is possible that shallower metasedimentary sources played a role in the genesis of granites 
of the western MTB, whereas deeper metaigneous lithotypes (lower crustal felsic granulites) could 
have been involved in the granite genesis of its eastern segment (see chapter VI).  
In this chapter, the P–T emplacement conditions of the granitoids from the Montes de Toledo 
batholith are estimated on the basis on the whole-rock normative composition of these melts, together 
with geothermometry and chemical stability of accessory minerals found in some MTB granitoid 
units. Some of these results have been published in several SCI articles (i.e., Villaseca et al., 2008b; 
Merino et al., 2013a), but new results and a new discussion have been added to this section which help 
to better constrain the emplacement conditions of these granite melts. 
 
IV.2.- Host-rocks contact metamorphism 
All the MTB granitoids intruded into low-grade Neoproterozoic to Lower Paleozoic metasedimentary 
rocks and generated remarkable contact metamorphic aureoles (IGME 1985a, b, 1987, 2006a, b; 
2009a-e; ITGE, 1989a, b; Andonaegui, 1990). This would suggest that these granite melts were 
emplaced at similar shallow crustal levels, and that the high temperatures of these magmas induced a 
thermal aureole that developed a high- to low-grade metamorphism in the colder host-rocks. 
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In the E-MTB, Andonaegui (1990) found a metamorphic zonation in the contact of the Mora-
Las Ventas pluton with its host-rocks (pelitic and carbonaceous metasediments), consisting of high- to 
medium- and low-grade metamorphism from the contact (< 100 m) outwards (up to 600 m). This 
metamorphic aureole is characterised by the presence of potassic feldspar + cordierite + andalusite in 
the closest pelitic metasediments (hornfels), and wollastonite + idocrase + garnet + diopside in the 
high-grade carbonaceous rocks (Andonaegui, 1990). Metamorphic paragenesis of cordierite + 
andalusite and olivine + diopside + amphibol characterised the medium- to low grade aureole of the 
farthest pelitic and carbonaceous metasediments (Andonaegui, 1990). The presence of only one 
aluminium silicate polymorph (andalusite) suggests that the emplacement conditions of the Mora-Las 
Ventas pluton were constrained between 700 and 600 ºC, as upper temperature limits. The presence of 
albite + epidote outside the aureole would be in accordance with a temperature increment of about 350 
ºC induced by the magma intrusion, at pressures ≤ 2 kbar (Andonaegui, 1990). 
In the western segment of the batholith, the contact metamorphism induced by some intrusions 
(e.g., the Belvís pluton) in the surrounding Paleozoic low-grade facies metasediments promotes the 
formation of K-feldspar + sillimanite + biotite ± cordierite near the contact, and biotite + andalusite + 
muscovite ± cordierite ± fibrolitic sillimanite in the outer metamorphic aureole. These mineral 
assemblages are characteristic of low-pressures (≤ 2 kbar; IGME, 1987) and temperatures between 575 
and 650 °C, quite close to those estimated for the E-MTB (Andonaegui, 1990). 
Therefore, the emplacement conditions suggested by the host-rock contact metamorphism 
induced by the MTB granite intrusions are quite similar for both eastern and western segments of the 
batholith, although further detailed estimations are discussed in the next sections.  
 
IV.3.- P–T conditions from whole-rock granite composition 
Most of the MTB granites plot close to the granite minima in the Qtz–Or–Ab normative diagram (at 
730 ºC and 100 MPa; Tuttle and Bowen, 1958), although they comprise a large normative 
compositional range between 100 and 500 MPa of P(H2O) (Fig. 57). As previously shown for the 
Belvís pluton, some type-2 leucogranites follow an evolution trend towards lower temperature 
conditions when increasing the concentration of volatile and fluxing components (B, F and P; 
Manning, 1981; Manning and Pichavant, 1983; Pichavant, 1987). These leucogranites are plotted over 
the granite minima at 2 kbar and 680 ºC, suggesting the P–T emplacement conditions of most MTB 
granitoids might be constrained between 730 and 680 ºC at pressures of 1–2 kbar, although slightly 
higher temperatures and pressures should be expected in some monzogranitic / granodioritic units 
(Fig. 57).  
The zircon saturation thermometry provides a simple mean of estimating magma temperatures in 
granitic melts (e.g., Watson and Harrison, 1983; Miller et al., 2003). The estimated crystallisation 




Watson and Harrison (1983). These temperatures are quite similar to those estimated using whole-rock 
monazite saturation geothermometry (from 651 to 863º C at 1% H2O; Table 1; Montel, 1993). 
Nevertheless, the estimated crystallisation temperatures of the MTB monzogranites are mostly 
constrained between 771 and 877 ºC (based on zircon saturation geothermometry). Types-1 and -2 
granitoids display the highest maximum temperature values (up to 877 and 873º C, respectively), 
whereas type-3 granitoids show the shortest range of crystallisation temperatures (779º–802º C; Table 
1). 
The lowest temperatures are found in the most evolved type-2 leucogranites (Table 1). Their 
calculated temperatures are constrained between 629 (in the most evolved melts) and 753ºC (Table 1), 
and agrees well with that depicted in the Qtz-Or-Ab normative diagram (Fig. 57), that shows lower 
temperatures when increasing the fractionation, probably influenced by the higher concentration of 
fluxing components in these felsic melts. 
 
Figure 57. Qtz-Or-Ab ternary diagram of the H2O-saturated haplogranite system showing normative 
composition of the MTB granitoids (wt.% components). Cotectics for P(H2O) = 1 and 5 kbar (solid 
lines) and minima for P(H2O) between 1 and 4 kbar and eutectic at 5 kbar (dashed line) are taken from 
Luth et al. (1964). Granite minima at 100 and 200 MPa (Tuttle and Bowen, 1958), “minimum melt 
compositions” and freezing point depression with the addition of fluorine (Manning, 1981) and boron 
(Pichavant, 1987), and the trend of compositional change of melts in the haplogranite system with 
phosphorus (solid arrow) are taken from London (1992a,b). Mineral abbreviations after Kretz (1983).  
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IV.4.- Geothermobarometry   
In this section several thermobarometric calculations have been performed to constrain the 
temperature at which selected main and accessory minerals crystallised, according to their chemical 
composition. The thermometry has been perfomed in several mineral pairs of all granitoid intrusions 
(plagioclase–K-feldspar thermometry of Whitney and Stormer, 1977; plagioclase–muscovite 
thermometry of Green and Usdansky, 1986; plagioclase–muscovite–aluminium silicate–quartz–H2O 
thermometry of Hodges and Spear, 1982), but most of them give unrealistic and/or subsolidus 
crystallisation conditions. Hence, only those thermobarometers which give coherent crystallisation 
conditions will be used in the discussion. A detailed thermobarometric study of some mineral pairs 
from type-3 E-MTB granitoids can be found in Andonaegui (1990), which suggested magma 
generation between 850–820 ºC at 6–5 kbar and final P–T emplacement conditions between 700º and 
650º C, at pressures of about 2 kbar.  
 
IV.4.i.- Plagioclase – K-feldspar thermometry 
For this thermometry, the composition of cores and rims of both feldspars has been considered, using 
the formulae of Whitney and Stormer (1977) at pressures equivalent to 3 kbars (see caption to Table 
9). A careful petrographic study was made prior to mineral analyses to guarantee equilibrium 
conditions (i.e., crystals in mutual contact). Those feldspars which usually presented the largest size 
within the sample, normal zoning (in plagioclase) and perthite-free crystals were selected with the aim 
of obtaining primary crystallisation conditions. The results obtained in feldspars cores from the 
monzogranite units (apparent parental melts) yield maximum crystallisation temperatures of 814, 939 
and 812 ºC for types-1, -2 and -3 intermediate granitoids, respectively (Fig. 58; Table 9). These 
maximum crystallisation temperatures are lower than those previously obtained by Andonaegui (1990) 
in feldspars from other type-3 granitoids of the Mora-Las Ventas pluton (feldspars cores gave 1044–
1002 ºC). The minimum temperatures recorded in feldpars cores of the MTB intrusions are 655, 572 
ºC and 583 ºC in the intermediate types-1, -2 and -3 granitoids (Fig. 58), respectively, suggesting a 
continuous crystallisation of feldspar during the melt evolution until late-magmatic stages. This 
possibility is reinforced by estimations in the feldspars rims, which display crystallisation 
temperatures mostly between 760 and 570 ºC (Fig. 58; Table 9). Some feldspar rims gave subsolidus 
and unrealistic magmatic temperatures (below 550 ºC; Figs. 58; Table 9) mostly due to the high albite 
component in some plagioclase and K-feldspar rims. The same occurs when calculations are made in 
the most felsic units of each granitoid series. This would be interpreted as i) late crystallisation of 
feldspars due to secondary processes related to late-fluid segregations which remobilised and re-
equilibrated the Na and K cations in feldspars, and ii) erratic calculations and/or errors derived by the 





Hence, this plagioclase–K-feldspar thermometry suggests that the early crystallisation stages of 
the MTB granitoids represent approximately 850 ºC, following a stepwise cooling through melt 
evolution to their final emplacement conditions between 700 and 650 ºC (Fig. 58; Table 9). 
 
 
Figure 58. Results of plagioclase – K-feldspar thermometry calculated at 3 kbar according to the 
formulae of Whitney and Stormer (1977): T (ºC) = [7973.1 – (19610.6*XAbKfs/100) + (9901.9 * 
(XAbKfs/100)2) + (0.11 – (0.22 * XAbKfs/100) + (0.11 * (XAbKfs)2 * 3)] / [(–1.9872 * 
ln((XAbKfs/100)/(XAbPl/100)) + 4.6321 – (10.815 * (XAbKfs/100) + (7.7345 * ln(XAbKfs/100)2) – (1.5512 
* (XAbKfs/100)3] – 273. Calculations were performed in cores and rims of feldspars pairs (plagioclase 
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Table 9. Results of feldspar thermometry for the MTB intermediate granitoids based on plagioclase–K-feldspar. 
 
  Pluton Sample Mineral No. analysis X AbKfs Mineral Analysis X AbPl T (°C) 
Azután 110218 Kfs 122 0.15 Pl 120 0.79 721 
Azután 110218 Kfs 125 0.19 Pl 123 0.77 804 
Azután 110218 Kfs 144 0.18 Pl 142 0.76 789 
Azután 111369 Kfs 65 0.11 Pl 63 0.82 655 




Azután 111369-2 Kfs 203 0.21 Pl 201 0.82 814 
Azután 110218 Kfs 122 0.15 Pl 121 0.96 676 
Azután 110218 Kfs 125 0.19 Pl 124 0.90 761 
Azután 110218 Kfs 144 0.18 Pl 143 0.93 733 
Azután 111369 Kfs 65 0.11 Pl 64 0.97 620 








Azután 111369-2 Kfs 166 0.19 Pl 168 0.96 748 
Oropesa 110170 Kfs 44 0.25 Pl 42 0.88 845 
Oropesa 110172 Kfs 87 0.10 Pl 88 0.82 627 
Navalmoral 106804 Kfs 188 0.14 Pl 186 0.91 680 
Navalmoral 110179 Kfs 47 0.14 Pl 48 0.75 721 
Navalmoral 110183 Kfs 60 0.08 Pl 58 0.93 572 
Navalmoral 110183 Kfs 84 0.10 Pl 82 0.93 600 
Navalmoral 110184-2 Kfs 21 0.10 Pl 22 0.68 667 
Navalmoral 110184-2 Kfs 31 0.10 Pl 34 0.67 669 
Navalmoral 110184-2 Kfs 32 0.11 Pl 35 0.67 691 
Navalmoral 110184-2 Kfs 40 0.27 Pl 38 0.72 939 
Navalmoral 112400 Kfs 105 0.10 Pl 103 0.60 687 
Peraleda 106805 Kfs 139 0.10 Pl 137 0.83 622 
Peraleda 106809 Kfs 60 0.12 Pl 61 0.73 690 
Peraleda 106810 Kfs 95 0.11 Pl 94 0.79 667 
Peraleda 106810 Kfs 77 0.08 Pl 72 0.63 646 
Peraleda 106814 Kfs 24 0.22 Pl 25 0.69 880 
Peraleda 106814 Kfs 40 0.14 Pl 38 0.65 769 
Peraleda 106814 Kfs 47 0.15 Pl 48 0.73 745 
Peraleda 110193 Kfs 210 0.13 Pl 211 0.98 654 
Peraleda 110193 Kfs 228 0.12 Pl 227 0.94 637 
Peraleda 110193 Kfs 230 0.11 Pl 229 0.97 613 
Peraleda 110193-2 Kfs 77 0.10 Pl 79 0.86 631 
Peraleda 110195 Kfs 248 0.09 Pl 249 0.97 572 
Peraleda 110195 Kfs 271 0.09 Pl 272 0.95 590 
Aldeanueva 106816 Kfs 24 0.08 Pl 21 0.90 573 
Aldeanueva 110210 Kfs 22 0.10 Pl 20 0.87 612 
Aldeanueva 110210 Kfs 94 0.10 Pl 96 0.83 623 
Aldeanueva 111379 Kfs 53 0.16 Pl 54 0.95 695 




Aldeanueva 111383 Kfs 112 0.15 Pl 111 0.88 708 
Oropesa 110170 Kfs 53 0.19 Pl 52 0.96 738 
Oropesa 110172 Kfs 87 0.10 Pl 89 0.84 622 
Oropesa 110172 Kfs 92 0.02 Pl 93 0.80 368 
Oropesa 110172 Kfs 11 0.08 Pl 6 0.83 590 
Navalmoral 106804 Kfs 210 0.05 Pl 209 0.91 494 
Navalmoral 106804 Kfs 211 0.11 Pl 209 0.91 633 
Navalmoral 110179 Kfs 28 0.04 Pl 27 0.98 448 
Navalmoral 110179 Kfs 47 0.14 Pl 49 0.98 659 
Navalmoral 110183 Kfs 77 0.10 Pl 76 0.97 602 
Navalmoral 110184-2 Kfs 21 0.10 Pl 22 0.68 667 
Navalmoral 110184-2 Kfs 31 0.10 Pl 34 0.67 669 












Table 9. (Continued). 
 
 
Calculated temperatures (in °C) at a representative pressure of 3 kbar according to Whitney and Stormer (1977) 
formulae:  
T (ºC) = [7973.1 – (19610.6*XAbKfs/100) + (9901.9 * (XAbKfs/100)2) + (0.11 – (0.22 * XAbKfs/100) + (0.11 * 
(XAbKfs)2 * 3)] / [(–1.9872 * ln((XAbKfs/100)/(XAbPl/100)) + 4.6321 – (10.815 * (XAbKfs/100) + 
(7.7345 * ln(XAbKfs/100)2) – (1.5512 * (XAbKfs/100)3] – 273. 
XAbKfs and XAbPl represent the molar fraction of albite component in K-feldspar and plagioclase, respectively.
  Pluton Sample Mineral No. analysis X AbKfs Mineral Analysis X AbPl T (°C) 
Peraleda 106805 Kfs 139 0.10 Pl 137 0.83 622 
Peraleda 106805 Kfs 140 0.10 Pl 138 0.84 623 
Peraleda 106809 Kfs 60 0.12 Pl 62 0.81 665 
Peraleda 106810 Kfs 95 0.11 Pl 94 0.79 667 
Peraleda 106810 Kfs 77 0.08 Pl 74 0.81 594 
Peraleda 106814 Kfs 40 0.14 Pl 39 0.81 714 
Peraleda 110193 Kfs 204 0.04 Pl 205 0.97 452 
Peraleda 110193 Kfs 210 0.13 Pl 211 0.98 654 
Peraleda 110193 Kfs 228 0.12 Pl 227 0.94 637 
Peraleda 110193 Kfs 230 0.11 Pl 229 0.97 613 
Peraleda 110193-2 Kfs 77 0.10 Pl 78 0.98 604 
Peraleda 110195 Kfs 248 0.09 Pl 249 0.97 572 
Peraleda 110193 Kfs 230 0.11 Pl 229 0.97 613 
Peraleda 110195 Kfs 255 0.09 Pl 256 0.99 575 
Peraleda 110195 Kfs 271 0.09 Pl 272 0.95 590 
Aldeanueva 106816 Kfs 8 0.07 Pl 6 0.98 542 
Aldeanueva 106816 Kfs 24 0.08 Pl 22 0.94 566 
Aldeanueva 110210 Kfs 22 0.10 Pl 19 0.90 605 
Aldeanueva 110210 Kfs 94 0.10 Pl 92 0.99 589 








Aldeanueva 111383 Kfs 98 0.14 Pl 97 0.98 669 
Torrico 110199 Kfs 25 0.22 Pl 27 0.86 812 
Torrico 110199 Kfs 32 0.17 Pl 30 0.68 811 
Torrico 110206-2 Kfs 56 0.08 Pl 55 0.81 583 
Mora-Ventas 110331 Kfs 28 0.07 Pl 26 0.38 729 




Madridejos 110342 Kfs 55 0.14 Pl 54 0.96 675 
Torrico 110206-2 Kfs 59 0.18 Pl 58 0.98 717 
Torrico 110206-2 Kfs 70 0.02 Pl 68 0.95 380 
Mora-Ventas 110331 Kfs 25 0.03 Pl 24 0.88 440 
Mora-Ventas 110331 Kfs 28 0.07 Pl 27 0.89 553 








Madridejos 110342 Kfs 55 0.14 Pl 54 0.96 675 
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IV.4.ii- Ti-in zircon thermometry 
Zircon crystallisation temperatures have been calculated in magmatic (Variscan) zircons with known 
U–Pb Variscan crystallisation age (see chapter V.3). The temperatures have been calculated according 
to the formulae of Watson et al. (2006) and Ferry and Watson (2007), based on the Ti contents of 
zircon crystals (Table 10). The Ferry and Watson (2007) thermometer, which takes into account the 
activities of both silica and titanium in the melt, yields systematic higher T than that of Watson et al. 
(2006): about 10-20 ºC at a(TiO2) = 1.0 and about 50 ºC at a(TiO2) = 0.7 (Table 10). Given that zircon 
is an early phase during granite melt crystallisation (e.g., Harley et al., 2007), the higher temperatures 
obtained using Ferry and Watson (2007) formulae are considered more reliable, and thus they have 
been used in the forthcoming discussion instead of those of Watson et al. (2006). The temperatures 
used for the discussion in type-1 and type-2 granitods are those calculated at a(TiO2) = 1.0 due to the 
presence of rutile and ilmenite (Table 10; Watson et al., 2006; Ferry and Watson, 2007). In the case of 
type-3 granitoids, due to the absence of rutile, the dicussed temperautes are those obtained at a(TiO2) 
= 0.7 (Table 10; Watson et al., 2006; Ferry and Watson, 2007). The results yield a wide range of T 
crystallisation conditions, some of them due to anomalous concentrations of Ti in some zircon rims 
(Table 10). These high Ti levels in zircon rims are probably affected by late-magmatic or secondary 
enrichment processes during the magma crystallisation (Harley et al., 2007) or to small inclusions of 
rutile within the late-crystallised zircon rims. For this reason, only the Ti concentrations of zircon 
cores have been used for the calculations (Table 10). 
In general, the analysed magmatic zircons give relatively high crystallisation temperatures (most 
of them higher than 730 ºC; Fig. 59; Table 10). The calculated temperatures of type-1 granitoids are 
constrained between 875 and 812 ºC, although one zircon records a quite lower T data at 629 ºC, 
similar to that obtained by plagioclase – K-feldspar thermometry (Fig. 59). This would suggest 
crystallisation of zircon until late-magmatic stages. The temperatures obtained in types-2 and -3 
granitoids also displays a wide magmatic crystallisation range from 1027 to 706 ºC and from 907 to 
737 ºC, respectively (Fig. 59; Table 10). In the Belvís type-2 leucogranite, the calculated temperatures 
yield also a wide range from 916 to 766 ºC, although some zircon crystals also display two low 
crystallisation temperatures of 703 and 673 ºC (Table 10). Nevertheless, when comparing the mean 
zircon crystallisation temperatures for each series (using the temperatures obtained in the 
monzogranite units higher than 730 ºC to better constrain the main crystallisation event), it can be 
shown that the W-MTB granitoids (types-1 and -2) are the hottest intrusions (mean Ti-in zircon 
crystallisation temperatures of 834 and 832 ºC, respectively), whereas the E-MTB type-3 granitoids 
yield the coldest mean zircon temperatures, independently of the TiO2 activity (785–803 ºC; Fig. 59). 
The Ti-in zircon crystallisation temperatures clearly agree with those obtained by whole-rock 
composition and by most of the mineral geothermometry (Fig. 59). Since zircon is one of the earliest 
crystallising minerals in the magma system (e.g., Harley et al., 2007; Harley and Kelly, 2007, and 
references therein), these results would suggest that the temperatures at which the W-MTB magmas 










Figure 59. Comparison of the calculated crystallisation temperatures of the MTB granitoids between 
different geothermometry methods (Zr in WR: whole-rock zircon saturation temperatures according to 
Watson and Harrison, 1983; Pl-Kfs: plagioclase – K-feldspar thermometry (in cores and rims pairs) 
according to Whitney and Stormer, 1977; Ti in Zr: titanium in zircon thermometry according to Ferry 
and Watson, 2007, calculated at a(SiO2) = 1.0 and a(TiO2) = 1.0 for types-1 and -2 granitoids, and at 
a(SiO2) = 1.0 and a(TiO2) = 0.7 for type-3 granitoids). Arrows pointing down indicate that some 
thermometry results in minerals yield values below 550 °C, which are unrealistic temperatures for 
magmatic crystallisation and probably related to post-magmatic and secondary processes. It can be 
shown that type-2 granitoids, especially the leucogranites, usually yield the highest crystallisation 
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Table 10. Results of Ti-in-zircon thermometry for the MTB granitoids. 
 
 Pluton Sample No. analysis Ti (ppm) Watson-06 Ferry-07 a(TiO2) = 1.0 Ferry-07 a(TiO2) = 0.7 
Azután  106821 38 2.46 631 629 656 
Azután  106821 47 19.42 803 812 852 




Azután  106821 54 33.99 861 875 920 
Navalmoral 106804 2 15.15 779 786 824 
Navalmoral 106804 4 26.45 834 846 888 
Navalmoral 106804 9 27.85 840 852 895 
Navalmoral 106804 10 56.86 921 940 990 
Navalmoral 106804 11 29.67 847 859 902 
Navalmoral 106804 22 35.01 865 879 923 
Navalmoral 106804 24 32.97 858 872 916 
Navalmoral 106804 28 37.89 873 889 934 
Navalmoral 106804 29c 27.76 839 852 894 
Navalmoral 106804 29r 33.87 861 875 919 
Navalmoral 106804 30 35.73 867 881 926 
Navalmoral 106804 31 34.17 862 876 920 
Navalmoral 106804 33 30.51 850 863 906 
Navalmoral 106804 36 65.94 939 960 1011 
Navalmoral 106804 37 31.95 855 868 912 
Peraleda 106810 1 14.49 775 782 819 
Peraleda 106810 3 14.87 777 785 822 
Peraleda 106810 4 22.56 818 829 869 
Peraleda 106810 11 104.68 1000 1027 1084 
Peraleda 106810 18 14.69 776 783 821 
Peraleda 106810 19 17.63 793 802 841 
Aldeanueva 110210 14 38.35 875 890 935 
Aldeanueva 110210 16 15.22 779 787 824 
Aldeanueva 110210 25 10.84 748 754 789 
Aldeanueva 110210 27 6.42 703 706 738 





Aldeanueva 110210 30-2 11.2 751 757 792 
Belvís 106796 1 4.32 672 673 702 
Belvís 106796 2 12.33 760 766 802 
Belvís 106796 5 40.71 881 897 943 
Belvís 106796 6 23.98 824 835 876 
Belvís 106796 8 29.81 847 860 903 
Belvís 106796 10 8.82 730 734 768 
Belvís 106796 12 14.86 777 785 822 
Belvís 106796 16 6.17 700 703 734 
Belvís 106796 17 47.06 898 916 963 
Belvís 106796 21 42.50 886 903 949 
Belvís 106796 25c 24.76 827 839 880 
Belvís 106796 27 32.49 856 870 914 












Belvís 106796 33c 29.20 845 858 900 
Mora-Las Ventas 110331 3 13.23 766 773 809 
Mora-Las Ventas 110331 4 12.84 763 770 806 
Mora-Las Ventas 110331 11 16.26 786 794 832 
Mora-Las Ventas 110331 16 9.58 737 742 776 
Mora-Las Ventas 110331 17 7.28 714 717 750 
Mora-Las Ventas 110331 20 6.39 703 705 737 
Madridejos 110341 2 17.27 791 800 838 
Madridejos 110341 3 11.16 751 756 792 
Madridejos 110341 8 7.32 714 717 750 
Madridejos 110341 13 15.14 779 786 824 
Madridejos 110341 14 7.14 712 715 748 





Madridejos 110341 21 30.67 850 863 907 
 
Watson-06: Ti-in-zircon thermometry according to the formulae of Ferry and Watson (2007):  
T (ºC) = 5080 / [6.01 – log(Tizircon)] – 273. 
Ferry-07: Ti-in-zircon thermometry calculations at a(SiO2) = 1 and a(TiO2) = 1.0 and 0.7, according to the formulae 
of Ferry and Watson (2007): 
T (ºC) = 4800/[5.711–log(Tizircon)+log(a(SiO2)) –log(a(TiO2))]–273. 




IV.4.iii- Garnet thermobarometry 
Anhedral garnet has been found in a granodiorite unit from the Azután pluton (type-1 granitoids), in 
an aplitic dike surrounding the Belvís pluton (type-2 granitoids), and has been cited in some type-3 
granitoids (Andonaegui, 1990). In the garnet-bearing aplite from type-2 granitoids it has not been 
possible to constrain the pressure conditions due to the absence of cordierite, biotite and any other 
aluminium silicate in paragenesis with this mineral. The thermobarometric results obtained from 
garnet of type-3 granitoids yielded a wide range of P–T conditions (880–740 ºC and 1150–930 ºC 
based on garnet–biotite thermometry in two different samples; 885–735 ºC and 4.7–5.3 kbar according 
to the garnet–cordierite thermobarometry; and 10.3–8.4 kbar and 5.6–3.0 kbar in plagioclase rims and 
core, respectively, on the basis on garnet–plagioclase barometry; Andonaegui, 1990). 
In general, the calculated temperatures of garnet from type-1 granitoids based on garnet–
cordierite (Shaoyuan and Quinghao, 1984; Holdaway and Lee, 1977; Lavrentieva and Perchuck, 1981; 
and Bhattacharya et al., 1988), garnet–biotite (Hodges and Spear, 1982), garnet–plagioclase–
aluminium silicate–quartz (Hodges and Spear, 1982) and garnet–muscovite–plagioclase–biotite 
(Hodges and Spear, 1982), yield quite low crystallisation temperatures from 500 to 690 ºC (assuming 
pressures between 5 and 3 kbar; Table 11). On the contrary, the barometry results of garnet from these 
granitoids, calculated at an average temperature of 850 ºC (for crystallisation of garnet at early 
magmatic stages), yield considerably high pressure conditions (between 5.0 and 7.7 kbar; Table 11), 
similar to those estimated for the Layos granodiorite from the ACT (e.g., Barbero, 1992b). Cordierite 
from the studied sample (111365, type-1 granitoids) has an igneous-like composition (Figs. 20A, B), 
although the garnet-cordierite thermobarometry also provide unrealistic results for an equilibrium 
crystallisation of both minerals (651–617 ºC at 6.7–6.5 kbar; Table 11). It is possible that the 
maximum pressures (~8 kbar) obtained would represent those attained during the partial melting 
event, which would be consistent with the biotite fluid-absent partial melting of the lower to middle 
crust (e.g., Vielzeuf and Schmidt, 2001; Villaros et al., 2009). These maximum pressures are slightly 
lower than those estimated in the E-MTB granitoids (Andonaegui, 1990). Nevertheless, the anhedral 
character of garnet together with these geothermobarometric results would suggest that garnet from 
type-1 granitoids did not growth in equilibrium with the other rock-forming phases during granite melt 
cooling, and that it is most probably a peritectic phase entrained in the magma from the source region. 
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Garnet 143 144 150 
 
Garnet 143 144 
X Al 0.81 0.82 0.81  X Al 0.81 0.82 
X Py 0.09 0.10 0.10  X Py 0.09 0.10 
X Sps 0.07 0.07 0.067  X Sps 0.07 0.07 
X Grs 0.02 0.02 0.02  X Grs 0.02 0.02 
Cordierite 132 146 147 
 
Plagioclase 142 145 
X Fe 0.42 0.43 0.45  X An 0.14 0.14 
X Mg 0.58 0.57 0.55  X Ab 0.85 0.85 
     X Or 0.01 0.01 
Temperature (°C)    
 
   
 Hodges & Spear (1982)   
Shaoyuan & Quinghao (1984) 494 516 557 
 
Temperature (°C) 585 613 
 
Pressure (kbar) 7.7 7.2 




Lavrentieva & Perchuck 
(1981) 500 519 554 
 Garnet 143 144 
 X Al 0.81 0.82 
Bhattacharya et al. (1988) 608 642 664 
 X Py 0.09 0.10 
Pressure (kbar)     X Sps 0.07 0.07 
Holdaway & Lee (1977) 6.7 6.4 6.6  X Grs 0.02 0.02 
 Plagioclase 142 145 
Garnet-biotite thermometry 
 X An 0.14 0.14 
Garnet 143 144 150  X Ab 0.85 0.85 
X Al 0.81 0.82 0.81  X Or 0.01 0.01 
X Py 0.09 0.10 0.10  Muscovite 131 137 
X Sps 0.07 0.07 0.067  X Ms 0.77 0.78 
X Grs 0.02 0.02 0.02  X Pa 0.12 0.12 
Biotite 128 138 139  Biotite 128 138 
X Ann 0.44 0.45 0.44  X Ann 0.44 0.45 
X Phl 0.35 0.36 0.35  X Phl 0.35 0.36 
        
Temperature (°C)     Temperature (°C)   
Hodges & Spear (1982) 509 523 539  Hodges & Spear (1982) 487 533 
 
Thermobarometry performed according to the formulaes of the authors shown in each calculation.   
Calculated temperatures assuming pressures of 5 kbar. If considering pressures of 3 kbar, thermometry results 
are ~20 ºC lower.  
Barometry performed at an average temperature of 850 ºC (the estimated temperatures crystallisation conditions 






IV.5.- P–T crystallisation conditions for magmatic andalusite-
sillimanite in W-MTB (types-1 and -2) granitoids 
The coexistence of andalusite and sillimanite in igneous felsic rocks is relatively uncommon and their 
origin remains controversial (e.g., Clarke et al., 2005). In some cases sillimanite is older than 
andalusite and the latter forms as crystallisation proceeds during cooling (e.g., Macusani rhyolites, 
Pichavant et al., 1988) or as a consequence of nucleation around residual (xenolithic) sillimanite 
(D’Amico et al., 1981). However, as described for the studied MTB granitoids, it is more common to 
find sillimanite forming from andalusite (Merino, 2008; Merino et al., 2008; Villaseca et al., 2008b). 
This polymorphic transformation has been interpreted in a number of ways: i) increasing temperature 
during progressive partial melting (e.g., the Himalayan granites; Visonà and Lombardo, 2002), ii) 
thermal metamorphism induced by younger granitic intrusions (e.g., Barrera et al., 1985), or iii) post-
magmatic hydrothermal fibrolitic sillimanite transformation (e.g., Hassan Mohamud et al., 2002). 
Neither of these interpretations can be applied to the MTB granites. They are isolated plutonic massifs 
in which andalusite–sillimanite transformation appears in many samples within the pluton and it is 
unrelated to secondary processes or thermally metamorphosed areas. In addition, both types-1 and -2 
granitoids seems to have been generated and crystallised at similar temperatures (Fig. 59). A late 
magmatic origin for both aluminium silicates is suggested by their euhedral appearance, chemical 
zoning and wide regional distribution, although unequivocal textural and chemical criteria to 
determine their origin are not straightforward (e.g., Clarke et al., 2005).  
According to Kerrick and Speer (1988), minor chemical impurities in the andalusite structure 
enlarge its stability field towards higher temperatures. The incorporation of Fe, Ti, Mg and Mn is 
higher in andalusite than in sillimanite, suggesting a divariant rather than univariant equilibrium 
between both polymorphs (see also Kerrick, 1990). The calculated Kd values (Xsil Al2SiO5/Xand 
Al2SiO5) in coexisting andalusite and sillimanite in the W-MTB granites are mostly in the range of 
0.99 to 1.02 (see Table ii in Appendix; Merino, 2008; Merino et al., 2008; Villaseca et al., 2008b), 
which points to a shift of their equilibrium boundary by 100 ºC upward (from 750 to 850 °C; Fig. 60; 
Table ii of Appendix; Kerrick, 1990, drew this isopleth close to the Holdaway and Mukhopadhyay, 
1993, equilibria). Moreover, the frequently observed core to rim andalusite chemical zoning towards 
rims poorer in minor elements indicates lowering of Kd values as crystallisation proceeds (see also 
Fernández-Catuxo et al., 1995). The incorporation of Fe, Ti and Mg in andalusite and their progressive 
decrease in the felsic granitic magma, close to solidus conditions, makes andalusite unstable and 
sillimanite precipitates instead, or in combination with magmatic muscovite (see next section), 
depending on the water activity during crystallisation. Thus, the transition from andalusite to 
sillimanite could be explained by changing local chemical conditions in residual granite melts rather 
than involving significant changes or reversals in magmatic P–T conditions (Merino, 2008; Merino et 
al., 2008; Villaseca et al., 2008b). 
 













Figure 60. Andalusite/sillimanite equilibrium constants for distinct Kd´s values (0.970–1.050). The 
grey area represents the calculated Kd values (Xsil Al2SiO5/Xand Al2SiO5 between 0.990 and 1.020) in 
coexisting andalusite and sillimanite from the W-MTB granites (see Table ii in Appendix). The line 
Kd = 1 corresponds to the chemical equilibrium between both pure phases. Diagram performed by 
J.A.D. Connolly using PERPLEX program of Connolly and Kerrick (1987). Melting curves and 
reaction involving muscovite are taken from Johannes and Holtz (1996). Aluminium silicate stability 




IV.6.- Concluding remarks for the P–T emplacement conditions of 
MTB granitoids 
According to Clarke et al. (2005), the chemical equilibrium of andalusite and sillimanite with other 
Al-rich granite minerals (i.e., biotite, muscovite) should reinforce the magmatic origin of aluminium 
silicates. In this respect, the correlation of TiO2 and FeO + MgO contents with similar slopes of the tie 
lines between coexisting mica pairs suggests attainment of chemical equilibrium and therefore, 
igneous origin for both micas. The same chemical parallelism is found in micas from type-3 granitoids 
(Andonaegui, 1990). The magmatic origin of muscovite in the MTB granitoids is also consistent with 
the high Na/(Na + K) ratios and projection in the Mg-Ti-Na diagram (Miller et al., 1981), shown by 
most of the analysed muscovites (Fig. 61), including the crystals surrounding andalusite (Merino, 
2008). 
  
Figure 61. Al/(Na+K+2*Ca) vs 
Fe/(Fe+Mg) diagrams (in apfu) showing 
the tie lines between coexiting biotite 
and muscovite of the same sample of 
types-1 and -2 intermediate to felsic 
(leucogranites) granitoids. The clear 
parallelism between mica pairs suggests 
crystallisation in chemical equilibrium, 
reinforcing the igneous origin of almost 




Tourmaline from the MTB granitoids is mostly schorl-dravite in composition (Fig. 22; 
Supplementary Table I). This composition of tourmaline is stable over a wide range of pressure and 
temperature conditions (T up to 1000 °C and P up to 7 kbar; Dutrow and Henry, 2011, and references 
therein). Nevertheless, some tourmaline crystals present a Mg-richer composition (Fig. 22; 
Supplementary Table I), which constrain the stability temperatures for this mineral below 900 °C at 2 
kbar (Werding and Schreyer, 1996). Since the compositional evolution found in tourmaline is to 
increase the schorl component through differentiation (Fig. 22), and according to tourmaline natural 
and experimental stability (see Dutrow and Henry, 2011, and references therein), it would suggests P–
T crystallisation conditions between 800 and 850 °C and pressures about 1–2 kbar estimated on the 
basis on whole-rock composition and contact metamorphism of the MTB intrusion (Figs. 57, 62). 
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 Moreover, the presence of prismatic sillimanite inclusions in the main minerals from the W-
MTB granitoids further suggests its magmatic origin. Hence, the possible equilibrium between 
andalusite–sillimanite and muscovite in types-1 and -2 intermediate to felsic granitoids is rather 
restricted in a P–T space (Figs. 60, 62). In this regard, the temperature of crystallisation of the W-
MTB intrusions should be below the upper limit of igneous muscovite, within the sillimanite stability 
field, and over the wet granite solidus (Johannes and Holtz, 1996; Fig. 62). Taking into account that 
the W-MTB granitoids have a highly-peraluminous character, the granite solidus curve would be 
slightly depressed towards lower temperature conditions (Al2O3-saturated granite solidus; Johannes 
and Holtz, 1996; curve 1 in Fig. 62). Although most type-2 granitoids plot within the 100–200 MPa 
H2O haplogranite eutectic of Tuttle and Bowen (1958), between 730 and 680 °C (Fig. 57), the 
estimated temperatures may be slightly lower considering that those granitoids are P- (F-) and 
presumably B-enriched melts (Manning and Pichavant, 1983) in comparison to typical granites. This 
is shown by the widespread presence of tourmaline and F-rich phosphates in most type-2 granitoids, 
and the local tourmalinisation found in the wall-rocks of some leucogranites (e.g., the Belvís pluton; 
Merino et al., 2013a). 
Regarding the most felsic type-2 granitoids, the large mineral assemblage found in the most 
external unit of the Belvís pluton (beryl, chrysoberyl, quartz, gahnite, cordierite, and sillimanite), is 
stable over a wide range of pressures and temperatures (see Barton, 1986; Barton and Young, 2002; 
Evensen and London, 2002; Spry, 1987; Spry and Scott, 1986). Nevertheless, the presence of 
sillimanite included within the main minerals (also muscovite) and the large size and high TiO2 
contents of muscovite point to a magmatic origin for the assemblage muscovite + sillimanite. 
Experimental studies conducted on beryl-bearing pegmatites yielded crystallisation P–T conditions 
between 600 and 720 °C and about 2 kbar (Thomas et al., 2009, 2011), similar to the estimations 
shown in this chapter. These conditions are also supported by the calculations of Montel et al. (1986), 
which show that a higher gahnite component in hercynitic spinel enlarges its stability field towards 
lower temperatures and pressures. The hercynite stability curve corresponding to a 50% of gahnite 
component would imply an upper pressure limit near 2 kbar if it is extrapolated towards the Al2O3-
saturated granite solidus within the calculated Belvís temperatures (in the range of 670 to 700 °C). 
Taking into account the high abundance of the gahnite component (55–71%) in the Zn-spinel from the 
Belvís pluton, a fairly restricted P–T space should be expected, with pressures likely to have been 
below 2 kbar (Fig. 62).  
The crystallisation of primary igneous muscovite in the MTB granitoids implies an increase in 
the stability field of muscovite (Anderson and Rowley, 1981; D'Amico et al., 1981; Centanni, 1983, 
1985; Zen, 1988; Icenhower and London, 1995; Merino, 2008; Villaseca et al., 2008b; Merino et al., 
2013a). D’Amico et al. (1981) suggested that a deviation from the muscovite ideal formula (due to Ti–
F–Na substitutions) would enlarge its stability field towards slightly lower P conditions (M’ curve in 
Fig. 62). This suggestion was previously reported by Yoder and Eugster (1955) and experimentally 
confirmed by Icenhower and London (1995), which attributed the extend of muscovite stability 




an upper stability limit of igneous muscovite at about 715 °C and 2 kbar. Hence, the empirical M′ 
curve of D'Amico et al. (1981), quite similar to that described in the studies mentioned above, better 
describes the coetaneous crystallisation of igneous muscovite together with andalusite and sillimanite 
in the type-2 intermediate granitoids, and with cordierite, fibrolitic sillimanite, gahnite, chrysoberyl 
and beryl in the Belvís pluton, in a wider temperature range. The enlargement of the muscovite 
stability field co-existing with peraluminous melts due to minor cation substitution (mainly F) was 
also stated by Pichavant et al. (1988) in Macusani peraluminous glasses (F–Ms out curve in Fig. 62), 
















Figure 62. P–T diagram showing the estimated crystallisation conditions for the Belvís leucogranite (purple 
area). Aluminium silicate stability field according to P: Pattison (1992) (dotted line), and HM: Holdaway and 
Mukhopadhyay (1993) (solid line), using a Keq (XSill/XAnd) = 1 for the andalusite–sillimanite equilibrium after 
Kerrick and Speer (1988). Melting curve and reaction involving muscovite are taken from Johannes and Holtz 
(1996) (1: Al2O3-saturated granite solidus; 2: wet granite solidus). M´: stability reaction curve of muscovite for 
the reaction Ms + Ab + Qtz = Kfs + Al-silicate + H2O/melt, according to D´Amico et al. (1981) and Icenhower 
and London (1995). F-Ms out: reaction curve of F-rich muscovite after Pichavant et al. (1988). Fe-Zn hercynite 
reactions from Montel et al. (1986), in terms of molecular proportion of hercynite (Hc) and gahnite (Ghn). The 
thick green horizontal bar represents the estimated conditions of the contact metamorphism generated by the 
Belvís intrusion based on the mineral association found in the host-rocks. Mineral symbols after Kretz (1983).  
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The temperatures calculated with zircon and monazite saturation thermometry and with other 
mineral thermometers (Fig. 59) are in accordance with the thermal conditions constrained on the basis 
of andalusite–sillimanite–muscovite stability and solidus position (Figs. 62, 63). When applying the 
andalusite–sillimanite equilibrium curve of Pattison (1992), the minimum pressure required for the 
crystallisation of igneous muscovite and andalusite–sillimanite should be about 2.5 kbar for the 
minimum temperatures calculated in the type-2 granitoids (in the range of 750 to 630 °C; Fig. 59; 
Tables 1, 9, 10). However, the pressures of crystallisation equal or lower than 2 kbar would be more 
appropriate, considering the mineral associations found in the contact metamorphic aureole induced by 
the Belvís intrusion in the surrounding low-grade metasediments (temperatures from 650 to 575 °C 
and pressures lower or equal to 2 kbar). Therefore, the aluminosilicate equilibrium curve of Holdaway 
and Mukhopadhyay (1993) fits better with the estimated P–T conditions of the W-MTB granitoid 
emplacement and, consequently, would allow the precipitation of igneous muscovite together with 
andalusite–sillimanite (and the large mineral assemblage found in the Belvís leucogranite) at low 
pressures (≤ 2 kbar) and temperatures (< 750 °C), in accordance with the calculations shown in this 
chapter (Tables 1, 9, 10; Figs. 59, 63). 
Hence, the P–T emplacement conditions estimated for the W-MTB leucogranites are in the 
range of 750 to 630 °C and 1–2 kbar. These crystallisation conditions are in agreement with those 
predicted in the Qtz–Or–Ab normative diagram (Fig. 57). However, the generation and initial 
cystallisation of these granitoid melts likely occurred at higher temperatures, as suggested by the 
maximum temperatures recorded in the thermomety results obtained in this chapter. It is probably that 
fractional crystallisation leading to the generation of these magmas likely started at an approximate 
temperature of 850 °C, as indicated by the crystallisation temperatures estimated for the types-1 and -2 
intermediate units (Fig. 63; Table 1). The initial crystallisation conditions of the type-3 granitoids were 
attained at lower temperatures than that of type-1 and type-2 granitoids (at about 800 °C), as shown in 
the geothermometry calculations section, based on the whole-rock and mineral thermometry (Fig. 59, 
Tables 9, 10). Nevertheless, the presence of andalusite and igneous muscovite in the most evolved 
type-3 granites (Andonaegui, 1990) suggests that the stabilisation of this mineral would be reached at 
similar temperatures and pressures to that estimated in the western segment. Therefore, the final 
emplacement P–T conditions of the type-3 granitoids are inferred to have been similar to those 













Figure 63. P-T diagram showing the estimated crystallisation conditions for the studied E-MTB (blue line) and 
W-MTB (red line) granites. Blue dotted and red dashed lines represent the possible pressures of generation for 
the E- and W-MTB granitoids, respectively, obtained on the basis on garnet barometry (Table 12; Andonaegui, 
1990). Isopleths of Keq = (Xsill
 Al2SiO5/Xand Al2SiO5) for the andalusite–sillimanite equilibrium after Kerrick and 
Speer (1988) (grey solid lines). Andalusite–sillimanite–kyanite equilibria after (R) Richardson et al. (1969) 
(light grey dashed line), (P) Pattison (1992) (solid line) and (HM) Holdaway and Mukhopadhyay (1993) (dark 
grey dashed line). Melting curves and reaction involving muscovite are taken from Johannes and Holtz (1996). 
M’ muscovite reaction (black dashed line) from D’Amico et al. (1981). Solidus curves for water-saturated 
haplogranitic systems with F and B are after Manning and Pichavant (1983) (grey dotted lines). 
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V.- GEOCHRONOLOGY OF THE MONTES DE 
TOLEDO BATHOLITH 
V.1.- Introduction 
The present research constitutes the first detailed geochronology study focused on the Montes de 
Toledo batholith. The only previous geochronological work was performed by Andonaegui (1990) on 
the eastern segment of the batholith, providing a Rb–Sr whole-rock isochron of 320 ± 8 Ma for the 
emplacement of the Mora-Las Ventas pluton. Further dating investigations in this region are limited to 
anatectic leucogranites and restite-rich granites from the Anatectic Complex of Toledo (ACT), where 
different ages has been established as the most probable for the migmatisation (~311 Ma by Barbero 
and Rogers, 1999; ~317 Ma by Castiñeiras et al., 2008). Other anatectic regions from central Spain 
have provided migmatisation ages in the range 337–330 Ma (Bea et al., 2006; Castiñeiras et al., 2008). 
Several recent studies have attempted to constrain the age of magmatism in nearby plutonic regions, 
such as the Spanish Central System batholith (Zeck et al., 2007b; Díaz-Alvarado et al., 2011; Villaseca 
et al., 2011b; Orejana et al., 2012b) and intrusions from the southern Central Iberian Zone (Carracedo 
et al., 2005, 2009; Antunes et al., 2008, 2010; Solá et al., 2009). Ages extracted by these authors for 
post-tectonic intrusions are all concentrated in the narrow range 309–297 Ma. However, some local 
differences have been found in the Spanish Central System, where plutons from its eastern sector are 
slightly younger than those from western SCS. 
In this work, an exhaustive geochronological study of the MTB intrusions has been performed. 
This chapter is divided into two sections, according to the different techniques used in the obtention of 
the geochronological data: i) EPMA dating of monazite of three intrusions of the W-MTB; and ii) U–
Pb (Th) U–Pb zircon geochronology via LA–ICP-MS  of seven granitoids from the whole MTB. Both 
sections contributed to the performance of two SCI papers in international journals. 
The first paper was published in 2012 in the magazine Geological Journal, number 47, with the 
title Electron microprobe monazite geochronology of granitic intrusions from the Montes de Toledo 
batholith (central Spain), by Orejana and co-authors1. This article is focused on the geochronology of 
three granite plutons from the western part of the MTB: the Belvís de Monroy (type-2 fP), Villar del 
Pedroso (type-2 hP) and Torrico (type-3 mP) plutons by U–Th–Pb monazite dating via EPMA. 
The second paper has been recently published in Lithos journal with the title: Tracing magma sources 
of three different S-type peraluminous granitoid series by in situ U–Pb geochronology and Hf-isotope 
zircon composition: the Variscan Montes de Toledo batholith (central Spain), by Merino Martínez and 
co-authors2. In this work, a complete description of the peraluminous granite types found in the MTB 
is also found. This study was not only focused on U–Pb zircon geochronology via LA–ICP-MS of the 
granitoids from MTB, but also on the Hf isotopic composition of zircon from these intrusions to 
discriminate between the possible crustal sources of these granitoids (metaigneous vs metasediments). 
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V.2.- U–Th–Pb chemical dating of monazite  
V.2.i.- Introduction 
U–Th–Pb chemical dating is a potentially valuable method in monazite-bearing rocks because 
this mineral meets the fundamental conditions required to apply this procedure: (1) monazite 
is a U–Th-rich phase, (2) all Pb is radiogenic (or the initial Pb is negligible), (3) its closure 
temperature has proved to be fairly high (up to 900º C according to Braun et al., 1998), and 
(4) the system usually remains closed. The last condition relies on the great resistance of 
monazite to radiation damage effects (as compared with zircon; e.g., Meldrum et al., 1998) 
and its low Pb diffusion rates (e.g., Cherniak et al., 2004). 
Although monazite frequently yields concordant ages in the U–Pb system without 
evidence of Pb loss, this mineral normally exhibits complex internal structures with variable 
zoning patterns when viewed in back-scattered electron (BSE) images (e.g., Zhu et al., 1997; 
Bingen and van Breemen, 1998). Significant differences in chemical composition and age can 
be observed between these zones. Thus, microanalytical techniques are an appropriate way to 
study magmatic and polymetamorphic events registered in monazites with complex zoning 
textures. 
Several works have demonstrated that U–Th–Pb dating of monazite using the electron 
microprobe is an accurate in situ method of geochronology (e.g., Suzuki and Adachi, 1991; Montel et 
al., 1996; Williams and Jercinovic, 2002). This technique has been successfully applied to rocks 
recording several monazite growth events in samples from polymetamorphic terranes (e.g., Cocherie 
et al., 1998; Williams et al., 1999), and it has also been used to constrain the geochronology of 
magmatic events (e.g., Be Mezeme et al., 2006). Moreover, numerous studies have documented the 
survival of restitic monazite in granitic melts (e.g., Harrison et al., 1995). The advantages of this 




rapidly a large number of ages and to get age constraints from samples in which textural information is 
crucial. On the other hand, its limitations are related to its rather poor precision regarding U, Th and 
Pb determination. The analytical error frequently ranges from ± 45 to ± 120 Ma for ages of 300 to 
3000 Ma, respectively. However, statistical treatment of sets of homogeneous ages helps lower this 
uncertainty to ± 20–30 Ma. For the present study, several monazite crystals have been analysed from 
three samples representing Variscan peraluminous granitic intrusions from the Montes de Toledo 
batholith (MTB), in central Spain. No precise geochronology data have been determined in this 
magmatic region, whereas several granitic plutons from the nearby Spanish Central System (SCS) 
have been recently dated (Zeck et al., 2007b; Díaz-Alvarado et al., 2011; Orejana et al., 2012b). 
Orejana et al. (2012b) found that plutons from western SCS are slightly older than those from its 
eastern sector. Monazite geochronology of granites from the MTB have provided the first data 
regarding the crystallisation age of the western sector of the batholith, and have served to better 
constrain the temporal scale of Variscan felsic magmatism in central Spain. 
The U-Th-Pb chemical dating of monazite has been focused on three intrusions from the western 
sector of the MTB (Villar del Pedroso, Torrico and Belvís de Monroy), and can be considered the first 
approximation to the age of this Variscan magmatism in the MTB using precise analytical methods. A 
detailed examination of monazite internal zonation, taken together with the differences observed in 
chemical composition and age, allow us to gather the resulting analyses in homogeneous groups. 
When possible, the calculation scheme of Cocherie and Albarède (2001) has been applied to obtain the 
mean age for each homogeneous group with the aim of reducing the associated uncertainty. The main 
objectives of this work are (1) to provide precise crystallisation ages for three granitic intrusions from 
the western MTB, and put this data in the geological context of the abundant late Variscan magmatism 
outcropping in the inner part of the Iberian Massif, and (2) discuss the geological meaning of possible 
inherited monazite domains. 
 
 
V.2.ii- Geological setting and sample description 
The studied intrusions are located within the western segment of the Montes de Toledo batholith (Figs. 
64A, B). Two of these plutons represent felsic melts from the type-2 peraluminous series (the Villar 
del Pedroso and Belvís de Monroy plutons), whereas the Torrico intrusion belongs to the type-3 
peraluminous granites (Fig. 64B). All these W-MTB plutons intruded into low-grade Neoproterozoic 










Figure 64. A) Sketch map of the Central Iberian Zone (Iberian Massif) with a broad distinction of magmatic 
and metamorphic rocks, including the Galicia-Tras-Os-Montes Zone. It is also shown the location of the Montes 
de Toledo batholith within the Central Iberian Zone (CIZ) and more specifically, its western sector (yellow 
dashed square). B) Map showing the main magmatic intrusions of the western sector of the Montes de Toledo 




A general description of the studied peraluminous granitoids is detailed as follows:  
Belvís de Monroy (type-2 leucogranite) 
Although a complete description of the Belvís de Monroy leucogranite units is found in chapter III, 
here are presented the most significant petrographic features. The Belvís pluton is the most evolved 
intrusion of all the type-2 granitoids (W-MTB). Three different leucogranitic facies can be 
distinguished within this pluton on the basis of grain size and biotite content: (1) a medium- to coarse-
grained leucogranite with biotite ≥ muscovite, localised in the inner zone of the pluton; (2) a medium- 
to coarse-grained biotite-muscovite leucogranite, occasionally porphyritic, with similar proportions of 
both micas, which is the most abundant type and occupies the intermediate part of the intrusion, and 
(3) a marginal coarse-grained muscovite leucogranite with accessory biotite. Biotite and muscovite 
may occur as isolated crystals or aggregates, or be associated with sillimanite. These leucogranite 
facies show heterogeneously distributed deformation structures (localised extensional shear bands; 
Fig. 65A) and a well defined magmatic foliation (Fig. 65B). Late-stage segregations (i.e., pegmatite 
veinlets and cordierite-rich nodular aplogranitic veins) cross-cut the granite foliation, suggesting a 
late-tectonic emplacement. Restites and metapelitic xenoliths are uncommon, but they can be found in 
the innermost facies of the pluton. Accessory phases common to both leucogranites are altered 
cordierite, tourmaline, apatite, sillimanite, zircon, monazite, xenotime and Fe-oxides (rutile and 
ilmenite; see chapter III). Moreover, the outer zone is characterised by an exotic suite of accessory 
minerals such as Fe–Mn-rich apatite, gahnite (Zn-spinel), chrysoberyl, beryl and a large number of 
Al–Fe–Mn–Ca-rich phosphates (e.g., childrenite; Merino et al., 2013a). Monazites are pale green 
euhedral to subhedral crystals, commonly included in muscovite, quartz, K-feldspar or plagioclase. 
The analysed grains were taken from the intermediate zone (sample 106796). 
The above mineral paragenesis is in accordance with the high silica content of this pluton (SiO2 
> 74 wt.%) and its perphosphorous character (P2O5 = 0.63–0.85 wt.%) (Fig. 47; Villaseca et al., 2008b; 
Merino et al., 2013a). It is worth noting that the sample considered for the present study (106796) 
shows a strong enrichment in U (up to 13.5 ppm; Table 10; see chapter III), mainly hosted in the Zr–
Y–REE rich accessory phases (i.e., monazite and xenotime; Pérez-Soba et al., 2009, 2014). 
Villar del Pedroso (type-2 monzogranite) 
This intrusion can be classified as a biotite monzogranite from type-2 granitoids (W-MTB), with 
muscovite, pinnitised cordierite, andalusite, tourmaline, apatite, zircon and monazite as the main 
accessory phases. Most of the pluton consists of a porphyritic facies with K-feldspar phenocrysts 
displaying a large size in the range 3–5 cm (Fig. 65C). The concentration of phenocrysts decreases 
significantly in the boundaries of the granite. Two different facies of minor extent can be described in 
the southern margin of this intrusion: (1) a tourmaline-rich fine to medium-grained monzogranite, 
occasionally showing porphyritic texture, and (2) a biotite-free aplitic leucogranite. 
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All the lithological units described above have restitic enclaves, and metasedimentary xenoliths 
(Fig. 65C). Monazites are euhedral to subhedral yellowish grains, and have been taken from the 
porphyritic central facies (sample 110049). They are usually included within quartz, muscovite, 
biotite, K-feldspar and plagioclase. 
 
Torrico (type-3 monzogranite) 
This pluton can be classified as an inequigranular medium-grained porphyritic biotite monzogranite. It 
belongs to type-3 series being the only intrusion of this peraluminous type appearing in the western 
segment of the MTB. It is characterised by large K-feldspar phenocrysts (up to 8 cm), the presence of 
metamorphic xenoliths and a high abundance of mafic microgranular enclaves (Fig. 65D). Common 
accessory minerals are apatite, ilmenite, zircon and monazite. The analysed monazite grains have a 
pale yellow colour, euhedral to subhedral morphology, and are mainly included in K-feldspar, 
plagioclase, muscovite and biotite. 
Figure 65. Outcrop images showing the petrographic characteristics of the three sampled granites. A) Detail 
of the Belvís de Monroy leucogranite with localised extensional shear bands (dark subparallel bands). B) 
Medium- to coarse-grained muscovite-biotite leucogranite of Belvís de Monroy. Grey nodules are pinnitised 
cordierite. Note that a magmatic fabric can be discerned running approximately from the upper-right part to 
the lower-left of the image. C) Fine- to medium-grained and porphyritic biotite monzogranite of Villar del 
Pedroso. Two small enclaves are also shown in this image: a rounded restite enclave (at the edge of the 
pencil), and an elongated metasedimentary xenolith (at top of the image). D) Medium-grained porphyritic 




V.2.iii- Monazite Geochronology 
The U–Th–Pb data obtained in the studied monazite crystals are shown in Table 12. All the monazite 
textures studied under back-scattered electron (BSE) imaging (Fig. 66A-C) and the geochronological 
results are described as follows: 
Belvís de Monroy granite (sample 106796)  
Monazites from this sample display variable size in the range 75–290 µm. BSE images show that they 
exhibit mainly core–rim textures and patchy zoning, though homogeneous grains are not uncommon 
(Fig. 66A). Cores show subhedral to anhedral shape and are always represented by dark domains with 
lower U contents than surrounding rims. Eleven monazite crystals were analysed (73 spots), 
presenting a composition characterised by variable concentrations both in Th (4900–133500 ppm) and 
U (24280–210150 ppm), displaying this latter element extraordinarily high contents (Table 12). 
Accordingly, a high level of Pb has been produced, despite the Variscan age of the rock, and an 
unusually good precision, generally lower than ±20 Ma, can be derived for each individual spot (Fig. 
68A). Th/U ratios are variable and may reach fairly low values (0.028; Fig. 67). Monazite overgrowths 
(rims) and homogeneous crystals from Belvís de Monroy sample display fairly low Th/U ratios 
(0.028–0.49; Fig. 67), which are clearly associated with their unusually high U concentrations (Table 
12). These domains yield ages limited to a narrow range (295–323 Ma). 
A contrasted behaviour can be identified in grains with patchy zoning, which exhibit slightly 
older ages (up to 403 Ma; leaving aside analyses with low total oxide amounts) and higher Th/U ratios 
(0.17–5.5; Fig. 67). A few analyses from xenomorphic cores perfectly overlap data from grains with 
patchy zoning. These differences suggest that igneous monazite related to granite crystallisation is 
likely to be associated to rims and homogeneous grains, whereas crystals with patchy zoning might be 
related to a previous metamorphic episode (see discussion). Accordingly, spots from magmatic 
monazite (29 spots) have been considered separately from analyses of xenomorphic metamorphic 
grains (44 spots) for mean age calculation. 
A total number of 28 analyses have been selected as the most probable spots representing the 
age of magma crystallisation of the Belvís pluton (Table 12). Only spot 11 have been rejected due to 
its low total oxide amount. The predominance of analyses with very high U/Pb and low Th/Pb ratios 
(Fig. 67) makes the Th/Pb vs U/Pb diagram inappropriate for averaged age calculation, because a 
poorly defined slope of the regression line is obtained. On the contrary, a wider variability appears in 
the (Th + U) values, so the isochron plot of Suzuki and Adachi (1991) (Pb vs Th*) has been used for 
this sample. Th* (apparent Th) is calculated by converting the U content into the equivalent Th that 
would have produced the same amount of Pb, and this is added to the actual Th content. The 
regression line has been forced through the origin because all data plot in a field of high Pb and Th* 
values (Fig. 68A). A fairly precise isochron age of 314 ± 3 Ma (MSWD = 1.09) results as a 
consequence of low individual errors. 
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Seventeen analyses representing xenomorphic cores or monazites with patchy zoning have been 
excluded from age calculation due to their low total oxide amount (spots 22, 28, 29, 38, 52, 57, 62, 70, 
72) or individual ages which do not overlap the average age within analytical error (spots 24, 26, 39, 
50, 58, 59, 63, 65) (Fig. 68B). The remaining analyses display a chemical variation, which makes 
them favourable for using the Th/Pb vs U/Pb diagram. However, three spots with U below detection 
limits (68, 69, 73) have also been excluded due to the extremely high U/Pb 2σ errors (100%). A 
coherent regression line is obtained for a total of 24 analyses, providing an age of 333 ± 5 Ma (MSWD 
= 1.7) at the centroid, being the intercept ages similar within error (Fig. 68C). The interpretation of 
this age is discussed below. 
 
Villar del Pedroso granite (sample 110049) 
BSE images of monazite from this sample show crystals in the range 90–140 µm displaying mainly 
patchy zoning, though concentric zoning is also present (Fig. 66B). Twenty nine analyses have been 
performed on seven monazite grains. However, several of these data (four spots) have been removed 
from later calculations because they do not overlap the average value within analytical error (Fig. 69A; 
spots 17, 28, 29, 30) (see selected analyses in Table 12). Mineral domains giving a brighter response 
usually show higher Th contents when compared with darker areas. A noteworthy characteristic of 
these monazite grains is their low, but variable, U concentrations (55–4171 ppm) (Table 12), which 
leads to very high and fluctuating Th/U ratios (up to 1250; Fig. 67). However, this apparent 
heterogeneity might be artificial due to the elevated errors associated to analyses with very low U 
contents, which leads to a large uncertainty in the highest Th/U values. 
Figure 69B shows a histogram with the 25 analyses used to get an isochron age. Data give rise 
to a continuous range from 230 to 340 Ma, showing a narrow gap of ~20 Ma (300–320 Ma). However, 
this time interval is within the analytical error of the analyses and only one statistically significant 
event is apparent from the probability density plot. Moreover, the fact that the analysed monazites do 
not show xenomorphic cores and that no distinct correlation between chemistry and age exists, points 
to all grains corresponding to a single crystallisation event. Despite the above apparent chemical 
heterogeneity, the analyses are not favourable for using the Th/Pb vs U/Pb diagram, because the U/Pb 
ratio is fairly low (0.0–3.6) so that no good regression line is obtained. Thus, the more suitable 
isochron plot (Pb vs Th*) of Suzuki and Adachi (1991) has provided an isochron age of 298 ± 11 Ma 
(MSWD = 0.56) plotting 25 analyses (Fig. 69C). Because Pb and Th* data are relatively concentrated 
in a narrow range far from the origin, the regression line has been forced to pass through the origin 

































Figure 66. Back-scattered electron images of representative monazite grains from the 
three analysed samples: A) sample 106796 (Belvís de Monroy pluton); B) sample 
110049 (Villar del Pedroso pluton); C) sample 110206 (Torrico pluton). Monazite 
crystals show core-rim textures, patchy (or sector) zoning, or anhedral corroded 
domains. Location of the analysed spots on these grains is indicated in each image. 




Figure 67. Th/U vs caculated individual ages 
for monazites from the three granitic samples. 
Rims and homogeneous monazite grains (red 
diamonds) have been distinguished from 
anhedral cores and crystals with patchy 
zoning (blue circles). Only spots selected for 
mean age calculations have been plotted. 
Figure 68. A) Pb vs Th* isochron plot of Suzuki and 
Adachi (1991) for sample 106796 (Belvís de Monroy). A 
total of 28 analyses have been plotted, representing 
homogeneous grains and overgrowths. The isochron has 
been forced through the origin. B) Weighted average 
diagram showing data from cores and grains with patchy 
zoning selected for mean age calculation (red bars). 
Rejected analyses, which do not overlap the average age 
within analytical uncertainty, are blue lines. The dark 
grey dotted lines represent analyses rejected due to their 
extremely high U/Pb error (100%). C) Th/Pb vs U/Pb 
diagram of 24 analyses from monazites showing patchy 
zoning of sample 110795. The ages determined at the 
intersection of the regression line with the U/Pb and 
Th/Pb axes are equivalent within error and support the 
validity of the calculated age determined at the centroid. 




Torrico granite (sample 110206) 
Seven monazites from this sample have been selected, which are large subhedral crystals in the range 
160–275 µm. BSE images reveal mainly rim growth around previous cores, but patchy zoning and 
homogeneous crystals are also present (Fig. 66C). A total number of 44 analyses have been performed 
(nine within cores and 35 in rims and unzoned crystals). Cores may be either euhedral or 
xenomorphic, and they give a dark response which correlates with lower Th concentration. The 
chemistry of the analysed domains display heterogeneous contents both in U (~1000–24000 ppm) and 
Th (~24000–121000 ppm) (Table 12), and the Th/U ratio is also quite variable (~1.8–77; Fig. 67). The 
ages calculated for spots from the xenomorphic cores are generally higher than those from the 
surrounding rims (Table 12), while one monazite without zoning gives ages similar to the rims. 
When showing the Th/U ratios against ages (Fig. 67) it can be notice that the irregular cores 
display ages higher than 340 Ma and Th/U lower than 13, whereas spots representing rims and 
homogeneous crystals exhibit younger ages and a variable and continuous Th/U ratio ranging from 
low to very high values (up to 77). This inhomogeneous behaviour might indicate that xenomorphic 
cores likely represent a monazite growth event different to that corresponding to granite 
crystallisation. 32 analyses from rims and homogeneous grains have been selected to get a mean age 
of granite formation. Spots 32, 35 and 40 have been excluded because their ages do not overlap with 
the average in this group, considering the analytical error (Fig. 70A). 
The chemical composition of selected analyses is suitable for using the Th/Pb vs U/Pb diagram. 
A coherent regression line is obtained, providing an age of 303 ± 6 Ma (MSWD = 1.03) at the 
centroid, being the intercept ages similar within error (Fig. 70B). 
Seven analyses from monazite cores constitute a coherent group regarding age (297–359 Ma; 
within analytical error) and chemical composition (Th/U = 3–15; Fig. 67). A weighted average Visean 
age of 333 ± 18 Ma (MSWD = 0.95) have been calculated for these analyses (Fig. 70C), which might 
be an approximation to a previous metamorphic event (see discussion below). Two older ages (471 ± 
50 and 416 ± 59 Ma) have not been considered for the above estimation, because they are not 
equivalent to the average age within analytical error. It is interesting to note that these older individual 












Figure 69. A) Weighted average diagram 
showing data selected for mean age calculation 
(red bars) for sample 110049 (Villar del 
Pedroso). Rejected analyses, which do not 
overlap the average age within analytical 
uncertainty, are indicated in blue colour. B) 
Histogram of selected individual ages. Though 
a gap seems to exist approximately between 
300 and 320 Ma, the probability density curve 
do not allow the distinction of two statistically 
different age clusters. C) Pb vs Th* isochron 
plot of Suzuki and Adachi (1991) for sample 
110049. A total of 25 analyses have been 
plotted excluding poor quality data. The 
isochron has been forced through the origin. 
Error bars and ellipses are given at the 2σ level. 
Figure 70. A) Weighted average diagram 
showing data selected for mean age 
calculation (red bars) for sample 110206 
(Torrico). Rejected analyses, which do not 
overlap the average age within analytical 
uncertainty, are indicated in blue colour. B) 
Th/Pb vs U/Pb diagram of individual 
analyses from Variscan igneous monazites. 
Only homogeneous grains and rims have 
been selected. The ages determined at the 
intersection of the regression line with the 
U/Pb and Th/Pb axes are equivalent within 
error and support the validity of the 
calculated age determined at the centroid. C) 
Weighted average age for seven analyses 
from anhedral monazite cores. Error bars and 


































1 H 303 12 184965 2.00 7760 2.00 8172 2.00 608375 2.00 22.634 4.00 0.950 4.00 0.500 0.042 
2 H 299 12 192483 2.00 7473 2.01 8381 2.00 632312 2.00 22.967 4.00 0.892 4.01 0.499 0.039 
3 H 299 12 175005 2.00 4903 3.06 7589 2.00 572996 2.01 23.060 4.00 0.646 5.06 0.387 0.028 
4 H 303 12 189069 2.00 10961 2.00 8392 2.00 624899 2.00 22.530 4.00 1.306 4.00 0.500 0.058 
5 H 306 13 154309 2.00 18205 2.00 7043 2.13 519380 2.00 21.910 4.13 2.585 4.13 0.531 0.12 
6 H 323 14 126422 2.00 57318 2.00 6708 2.24 468441 2.00 18.846 4.24 8.545 4.24 0.556 0.45 
7 H 312 13 139838 2.00 35957 2.00 6779 2.21 490333 2.00 20.628 4.21 5.304 4.21 0.550 0.26 
8 H 313 13 169903 2.00 20575 2.00 7938 2.00 572679 2.00 21.404 4.00 2.592 4.00 0.500 0.12 
9 H 298 12 210146 2.00 14511 2.00 9174 2.00 696589 2.00 22.907 4.00 1.582 4.00 0.500 0.069 
10 H 310 13 155907 2.00 23670 2.00 7273 2.06 530170 2.00 21.436 4.06 3.255 4.06 0.515 0.15 
(11) H 307 17 69244 2.00 73131 2.00 4061 3.69 298041 2.00 17.051 5.69 18.008 5.69 0.773 1.06 
12 H 313 13 171011 2.00 26482 2.00 8063 2.00 582174 2.00 21.209 4.00 3.284 4.00 0.500 0.15 
13 H 303 12 189846 2.00 10208 2.00 8403 2.00 626648 2.00 22.593 4.00 1.215 4.00 0.500 0.054 
14 H 319 13 130081 2.00 63752 2.00 6890 2.18 486657 2.00 18.880 4.18 9.253 4.18 0.542 0.49 
15 H 321 14 127755 2.00 59097 2.00 6747 2.22 474484 2.00 18.935 4.22 8.759 4.22 0.553 0.46 
16 C 349 23 43723 2.00 71296 2.00 3318 4.52 213766 2.00 13.178 6.52 21.488 6.52 0.836 1.63 
17 C 345 21 42373 2.00 97280 2.00 3616 4.15 235312 2.00 11.718 6.15 26.903 6.15 0.811 2.30 
18 H 320 13 136276 2.00 60568 2.00 7134 2.10 503620 2.00 19.102 4.10 8.490 4.10 0.525 0.44 
19 C 341 14 130034 2.00 57424 2.00 7278 2.06 480879 2.00 17.867 4.06 7.890 4.06 0.515 0.44 
20 C 333 13 166086 2.00 40945 2.00 8577 2.00 581456 2.00 19.364 4.00 4.774 4.00 0.500 0.25 
21 C 323 24 32685 2.00 88483 2.00 2799 5.36 194775 2.00 11.677 7.36 31.612 7.36 0.878 2.71 
(22) C 329 13 129920 2.00 97676 2.00 7601 2.00 520374 2.00 17.092 4.00 12.850 4.00 0.500 0.75 
23 C 339 14 119174 2.00 82153 2.00 7083 2.12 470190 2.00 16.825 4.12 11.599 4.12 0.529 0.69 
(24) C 266 15 77235 2.00 83736 2.00 3932 3.81 333822 2.00 19.643 5.81 21.296 5.81 0.784 1.08 
25 C 329 13 135399 2.00 57641 2.00 7275 2.06 498169 2.00 18.612 4.06 7.923 4.06 0.515 0.43 
(26) C 353 15 115911 2.00 62443 2.00 6886 2.18 440230 2.00 16.833 4.18 9.068 4.18 0.543 0.54 
27 C 328 13 148662 2.00 64317 2.00 7970 2.00 547949 2.00 18.653 4.00 8.070 4.00 0.500 0.43 
(28) C 305 14 114922 2.00 49770 2.00 5721 2.62 422993 2.00 20.088 4.62 8.700 4.62 0.632 0.43 
(29) C 297 18 75540 2.00 40265 2.00 3752 4.00 285431 2.00 20.133 6.00 10.732 6.00 0.800 0.53 
30 C 327 14 122026 2.00 74058 2.00 6833 2.20 471008 2.00 17.858 4.20 10.838 4.20 0.546 0.61 
31 C 340 14 114976 2.00 68526 2.00 6688 2.24 442919 2.00 17.191 4.24 10.246 4.24 0.557 0.60 
32 H 314 13 153875 2.00 35820 2.00 7458 2.01 535884 2.00 20.632 4.01 4.803 4.01 0.503 0.23 
33 H 320 13 158227 2.00 14768 2.00 7510 2.00 529219 2.00 21.069 4.00 1.966 4.00 0.500 0.093 
34 H 321 14 126013 2.00 12690 2.00 5997 2.50 422406 2.00 21.013 4.50 2.116 4.50 0.610 0.101 
35 H 321 14 129534 2.00 13307 2.00 6181 2.43 434492 2.00 20.957 4.43 2.153 4.43 0.596 0.103 
36 H 307 13 155468 2.00 22651 2.00 7182 2.09 527634 2.00 21.647 4.09 3.154 4.09 0.522 0.15 
37 H 313 13 155301 2.00 34155 2.00 7473 2.01 538813 2.00 20.782 4.01 4.570 4.01 0.502 0.22 
(38) C 336 14 114796 2.00 74918 2.00 6681 2.25 448593 2.00 17.182 4.25 11.214 4.25 0.558 0.65 
(39) C 306 16 71666 2.00 92975 2.00 4424 3.39 325733 2.00 16.199 5.39 21.016 5.39 0.742 1.30 
40 C 337 15 98004 2.00 75899 2.00 5902 2.54 394939 2.00 16.605 4.54 12.860 4.54 0.618 0.77 
41 C 322 14 112350 2.00 76027 2.00 6308 2.38 441366 2.00 17.811 4.38 12.052 4.38 0.586 0.68 
42 C 347 14 133432 2.00 49622 2.00 7448 2.01 484324 2.00 17.915 4.01 6.662 4.01 0.503 0.37 
43 H 306 13 158280 2.00 6560 2.29 7042 2.13 520606 2.00 22.477 4.13 0.932 4.42 0.497 0.041 
44 H 295 12 164120 2.00 7220 2.08 7056 2.13 539822 2.00 23.260 4.13 1.023 4.20 0.521 0.044 
45 H 300 12 198537 2.00 10414 2.00 8698 2.00 654934 2.00 22.826 4.00 1.197 4.00 0.500 0.052 
46 H 305 12 187412 2.00 17148 2.00 8444 2.00 625770 2.00 22.195 4.00 2.031 4.00 0.500 0.091 
47 H 303 12 182314 2.00 14343 2.00 8143 2.00 606345 2.00 22.389 4.00 1.761 4.00 0.500 0.079 
48 H 306 12 183408 2.00 14395 2.00 8272 2.00 610080 2.00 22.172 4.00 1.740 4.00 0.500 0.078 
49 H 298 12 197819 2.00 7880 2.00 8584 2.00 649989 2.00 23.045 4.00 0.918 4.00 0.500 0.040 
(50) C 232 20 56217 2.00 44199 2.00 2320 6.47 225773 2.00 24.231 8.47 19.051 8.47 0.913 0.79 
51 C 339 20 56376 2.00 65676 2.00 3750 4.00 249230 2.00 15.034 6.00 17.514 6.00 0.800 1.16 
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(52) C 683 77 9289 2.00 21957 2.00 1624 9.24 53032 2.00 5.720 11.24 13.520 11.24 0.955 2.36 
53 C 311 24 45930 2.00 43404 2.00 2659 5.64 192634 2.00 17.273 7.64 16.323 7.64 0.888 0.95 
54 C 317 26 39736 2.00 45502 2.00 2459 6.10 174666 2.00 16.159 8.10 18.504 8.10 0.903 1.15 
55 C 333 24 41439 2.00 65560 2.00 2963 5.06 200419 2.00 13.985 7.06 22.126 7.06 0.865 1.58 
56 C 354 24 36711 2.00 79383 2.00 3135 4.78 199049 2.00 11.710 6.78 25.322 6.78 0.851 2.16 
(57) C 332 14 122303 2.00 53514 2.00 6645 2.26 451511 2.00 18.405 4.26 8.053 4.26 0.560 0.44 
(58) C 313 14 126120 2.00 21738 2.00 5980 2.51 431563 2.00 21.090 4.51 3.635 4.51 0.611 0.17 
(59) C 403 20 75088 2.00 30984 2.00 4958 3.03 276674 2.00 15.145 5.03 6.249 5.03 0.696 0.41 
60 C 318 15 116101 2.00 31662 2.00 5763 2.60 409076 2.00 20.146 4.60 5.494 4.60 0.629 0.27 
61 C 322 15 108755 2.00 39700 2.00 5611 2.67 393339 2.00 19.382 4.67 7.075 4.67 0.641 0.37 
(62) C 444 69 9230 2.00 25384 2.00 1104 13.59 55681 2.00 8.361 15.59 22.993 15.59 0.979 2.75 
(63) C 268 21 45034 2.00 65965 2.00 2513 5.97 211804 2.00 17.920 7.97 26.250 7.97 0.899 1.46 
64 C 333 15 108294 2.00 33249 2.00 5690 2.64 385682 2.00 19.032 4.64 5.843 4.64 0.635 0.31 
(65) C 362 18 88089 2.00 33510 2.00 5151 2.91 320823 2.00 17.101 4.91 6.506 4.91 0.679 0.38 
66 C 334 18 72949 2.00 71907 2.00 4586 3.27 309334 2.00 15.907 5.27 15.680 5.27 0.728 0.99 
67 C 349 49 390 38.46 81479 2.00 1292 11.61 82750 2.56 0.302 50.07 63.064 13.61 0.285 209 
(68) C 279 48 b.d.l. 100 78634 2.00 979 15.32 78634 2.00 0.000 100 80.321 17.32 0.150 0.00 
(69) C 305 36 b.d.l. 100 111346 2.00 1516 9.89 111346 2.00 0.000 100 73.447 11.89 0.097 0.00 
(70) C 377 25 29993 2.00 100006 2.00 3321 4.52 197942 2.00 9.031 6.52 30.113 6.52 0.836 3.33 
71 C 312 22 24282 2.00 133457 2.00 2949 5.09 212355 2.00 8.234 7.09 45.255 7.09 0.866 5.50 
(72) C 318 24 36199 2.00 78642 2.00 2774 5.41 196315 2.00 13.049 7.41 28.350 7.41 0.880 2.17 
(73) C 314 47 b.d.l. 100 82654 2.00 1161 12.92 82654 2.00 0.000 100 71.192 14.92 0.127 0.00 
Villar del Pedroso (110049) 
2  327 53 3098 4.84 64061 2.00 1082 13.86 74139 2.39 2.863 18.71 59.206 15.86 0.934 20.68 
3  276 47 b.d.l. 100 80312 2.00 990 15.15 80312 2.00 0.000 100 81.123 17.15 0.149 0.00 
4  333 57 332 45.18 69145 2.00 1047 14.33 70226 2.66 0.317 59.51 66.041 16.33 0.299 208 
5  298 55 77 100 69016 2.00 922 16.27 69266 2.35 0.084 100 74.855 18.27 0.159 896 
6  300 53 94 100 72479 2.00 974 15.40 72784 2.41 0.097 100 74.414 17.40 0.151 771 
7  294 58 327 45.87 66324 2.00 886 16.93 67385 2.69 0.369 62.80 74.858 18.93 0.344 203 
8  231 76 419 35.80 47178 2.00 500 30.00 48531 2.94 0.838 65.80 94.356 32.00 0.641 113 
9  257 45 2172 6.91 80050 2.00 999 15.02 87078 2.40 2.174 21.92 80.130 17.02 0.901 36.86 
10  335 49 1470 10.20 77790 2.00 1238 12.12 82575 2.48 1.187 22.32 62.835 14.12 0.755 52.92 
11  327 48 1720 8.72 78099 2.00 1223 12.26 83694 2.45 1.406 20.99 63.859 14.26 0.804 45.41 
12  267 56 55 100 67260 2.00 803 18.68 67438 2.26 0.068 100 83.761 20.68 0.183 1223 
13  321 43 2689 5.58 85262 2.00 1348 11.13 94005 2.33 1.995 16.71 63.251 13.13 0.880 31.71 
14  275 54 870 17.24 69048 2.00 882 17.01 71867 2.60 0.986 34.25 78.286 19.01 0.697 79.37 
15  336 53 810 18.52 72546 2.00 1128 13.30 75183 2.58 0.718 31.82 64.314 15.30 0.577 89.56 
16  241 59 979 15.32 60524 2.00 685 21.90 63688 2.66 1.429 37.22 88.356 23.90 0.816 61.82 
(17)  341 21 55274 2.00 51745 2.00 3507 4.28 231739 2.00 15.761 6.28 14.755 6.28 0.821 0.94 
18  294 45 534 28.09 87130 2.00 1165 12.88 88863 2.51 0.458 40.97 74.790 14.88 0.412 163 
19  345 53 b.d.l. 100 72681 2.00 1120 13.39 72681 2.00 0.000 100 64.894 15.39 0.131 0.00 
20  284 39 430 34.88 102379 2.00 1317 11.39 103773 2.44 0.326 46.27 77.737 13.39 0.306 238 
21  247 56 1213 12.37 64098 2.00 749 20.03 68020 2.60 1.619 32.39 85.578 22.03 0.847 52.84 
22  273 51 933 16.08 72878 2.00 925 16.22 75901 2.56 1.009 32.29 78.787 18.22 0.705 78.11 
23  263 59 510 29.41 62603 2.00 753 19.92 64254 2.70 0.677 49.33 83.138 21.92 0.558 123 
24  320 79 171 87.72 47812 2.00 692 21.68 48368 2.99 0.247 100 69.092 23.68 0.239 280 
26  296 59 868 17.28 62909 2.00 870 17.24 65726 2.65 0.998 34.52 72.309 19.24 0.702 72.48 
27  323 49 4171 3.60 66250 2.00 1149 13.05 79814 2.27 3.630 16.65 57.659 15.05 0.953 15.88 
(28)  366 35 16704 2.00 66574 2.00 1973 7.60 121072 2.00 8.466 9.60 33.743 9.60 0.935 3.99 
(29)  97 103 3207 4.68 741 20.24 47 100 10997 5.73 68.234 100 15.766 100 0.979 0.23 
(30)  41 43 1362 11.01 45259 2.00 91 100 49597 2.79 14.967 100 497.35 100 0.994 33.23 



































1 H 270 40 2526 5.94 91201 2.00 1198 12.52 99383 2.32 2.109 18.46 76.128 14.52 0.892 36.10 
2 C 341 46 11903 2.00 47121 2.00 1306 11.49 85884 2.00 9.114 13.49 36.080 13.49 0.971 3.96 
3 C 359 47 11189 2.00 47072 2.00 1336 11.23 83558 2.00 8.375 13.23 35.234 13.23 0.969 4.21 
4 H 315 38 2904 5.17 98225 2.00 1515 9.90 107663 2.28 1.917 15.07 64.835 11.90 0.869 33.82 
5 H 314 42 1907 7.87 91273 2.00 1366 10.98 97470 2.37 1.396 18.85 66.818 12.98 0.800 47.86 
6 C 471 50 11157 2.00 45327 2.00 1726 8.69 82025 2.00 6.464 10.69 26.261 10.69 0.950 4.06 
7 C 297 45 12346 2.00 45720 2.00 1133 13.24 85790 2.00 10.897 15.24 40.353 15.24 0.978 3.70 
8 H 272 42 1765 8.50 88369 2.00 1140 13.16 94087 2.39 1.548 21.66 77.517 15.16 0.830 50.07 
9 H 301 47 1441 10.41 79285 2.00 1128 13.30 83963 2.47 1.277 23.71 70.288 15.30 0.779 55.02 
10 H 283 55 2300 6.52 62083 2.00 879 17.06 69540 2.48 2.617 23.59 70.629 19.06 0.928 26.99 
11 C 350 56 4308 3.48 55356 2.00 1085 13.82 69395 2.30 3.971 17.31 51.019 15.82 0.960 12.85 
12 H 284 33 5484 2.74 106372 2.00 1570 9.55 124153 2.11 3.493 12.29 67.753 11.55 0.941 19.40 
13 C 323 44 5007 3.00 74392 2.00 1307 11.48 90675 2.18 3.831 14.47 56.918 13.48 0.953 14.86 
14 C 314 52 b.d.l. 100 73019 2.00 1025 14.63 73019 2.00 0.000 100 71.238 16.63 0.143 0.00 
15 C 352 44 5880 2.55 72207 2.00 1437 10.44 91371 2.12 4.092 12.99 50.248 12.44 0.954 12.28 
16 H 313 31 9419 2.00 102766 2.00 1862 8.06 133373 2.00 5.059 10.06 55.191 10.06 0.942 10.91 
17 H 290 39 1842 8.14 99160 2.00 1363 11.01 105135 2.35 1.351 19.15 72.751 13.01 0.791 53.83 
18 H 278 45 1246 12.04 83437 2.00 1087 13.80 87475 2.46 1.146 25.84 76.759 15.80 0.746 66.96 
19 H 305 42 1965 7.63 89576 2.00 1305 11.49 95957 2.37 1.506 19.13 68.641 13.49 0.821 45.59 
20 H 294 38 3404 4.41 97380 2.00 1421 10.56 108425 2.25 2.395 14.96 68.529 12.56 0.907 28.61 
21 H 312 48 1046 14.34 81021 2.00 1176 12.76 84420 2.50 0.889 27.10 68.895 14.76 0.657 77.46 
22 H 286 36 5877 2.55 93626 2.00 1435 10.45 112684 2.09 4.095 13.01 65.245 12.45 0.954 15.93 
23 H 315 39 6650 2.26 81182 2.00 1444 10.39 102795 2.05 4.605 12.64 56.220 12.39 0.960 12.21 
24 H 272 37 5399 2.78 90738 2.00 1313 11.42 108228 2.13 4.112 14.20 69.107 13.42 0.957 16.81 
25 H 261 44 8310 2.00 58990 2.00 999 15.02 85889 2.00 8.318 17.02 59.049 17.02 0.983 7.10 
26 H 310 53 1804 8.31 68164 2.00 1026 14.62 74025 2.50 1.758 22.93 66.437 16.62 0.861 37.78 
27 H 302 44 7866 2.00 64060 2.00 1207 12.43 89600 2.00 6.517 14.43 53.074 14.43 0.975 8.14 
28 H 277 40 3317 4.52 87810 2.00 1216 12.34 98559 2.28 2.728 16.86 72.212 14.34 0.927 26.47 
29 H 292 36 4419 3.39 98522 2.00 1472 10.19 112859 2.18 3.002 13.58 66.931 12.19 0.931 22.30 
30 H 343 39 7082 2.12 81047 2.00 1593 9.42 104112 2.03 4.446 11.53 50.877 11.42 0.954 11.44 
31 H 298 42 7558 2.00 68773 2.00 1239 12.11 93305 2.00 6.100 14.11 55.507 14.11 0.973 9.10 
(32) H 347 32 17353 2.00 80098 2.00 2110 7.11 136631 2.00 8.224 9.11 37.961 9.11 0.927 4.62 
33 H 316 36 12598 2.00 71469 2.00 1583 9.48 112416 2.00 7.958 11.48 45.148 11.48 0.957 5.67 
34 H 322 45 1701 8.82 84798 2.00 1301 11.53 90329 2.42 1.307 20.35 65.179 13.53 0.783 49.85 
(35) H 346 34 7927 2.00 100451 2.00 1951 7.69 126275 2.00 4.063 9.69 51.487 9.69 0.937 12.67 
36 C 416 59 13143 2.00 24004 2.00 1241 12.09 67049 2.00 10.591 14.09 19.342 14.09 0.973 1.83 
37 H 283 54 9978 2.00 37255 2.00 876 17.12 69606 2.00 11.390 19.12 42.529 19.12 0.987 3.73 
38 H 314 48 2113 7.10 76993 2.00 1177 12.74 83860 2.42 1.795 19.84 65.415 14.74 0.863 36.44 
39 H 296 29 8029 2.00 121722 2.00 1949 7.70 147778 2.00 4.120 9.70 62.454 9.70 0.937 15.16 
(40) H 251 34 8512 2.00 89757 2.00 1312 11.43 117289 2.00 6.488 13.43 68.412 13.43 0.970 10.54 
41 H 303 29 16045 2.00 97515 2.00 2016 7.44 149613 2.00 7.959 9.44 48.371 9.44 0.933 6.08 
42 H 332 24 24074 2.00 113151 2.00 2829 5.30 191491 2.00 8.510 7.30 39.997 7.30 0.875 4.70 
43 H 291 29 21863 2.00 74353 2.00 1877 7.99 145277 2.00 11.648 9.99 39.613 9.99 0.941 3.40 
44 H 303 32 13077 2.00 87105 2.00 1748 8.58 129567 2.00 7.481 10.58 49.831 10.58 0.948 6.66 
1The letter which follows the analysis number identifies the monazite domain: H, homogeneous grains and rims; C, 
anhedral cores and grains showing patchy zoning. Analysis numbers shown in brackets represent spots not 
considered for mean age calculations (see text for explanation). 
2All ages and their absolute errors have been determined with EPMA Dating software (Pommier et al. 2002).  
3Corr: correlation coefficient between U/Pb and Th/Pb errors. All errors are 2σ. 
b.d.l.: below deection limits. 
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V.3.- U–Pb (Th) zircon geochronology  
V.3.i.- Introduction 
There is a large number of U–Pb zircon geochronological works on granitoids from the Iberian Massif 
(e.g., Antunes et al., 2008, 2010; Carracedo et al., 2009; Dias et al., 1998; Fernández-Suárez et al., 
2000a; Gutiérrez-Alonso et al., 2011; Orejana et al., 2012b; Solá et al., 2009; Chicharro et al., 2013, 
2014). Nevertheless, no detailed U–Pb zircon geochronology has been made in the Montes de Toledo 
batholith previous to this work. The only previous geochronological work in the eastern segment of 
the Montes de Toledo batholith was performed by Andonaegui (1990), reporting a Rb–Sr whole-rock 
isochron of 320 ± 8 Ma for the emplacement of the post-tectonic Mora-Las Ventas pluton. However, 
the post-tectonic character of this intrusion is in contradiction with the age of the D3 Variscan ductile 
deformation phase of the CIZ (325–313 Ma; e.g., Dias et al., 1998; Fernández-Suárez et al., 2000a) 
and thus should be treated with caution. In the W-MTB, the only geochronological study is that based 
on monazite U–Th–Pb dating of three granite intrusions (Belvís de Monroy, Villar del Pedroso and 
Torrico plutons; Figs. 2, 64; see previous section). Many attempts have been made in the last years to 
constrain the age of other Variscan felsic intrusions from the Central Iberian Zone. The Spanish 
Central System (SCS) granites (to the north of the MTB) intruded in a narrow time span from 308 to 
298 Ma, with a tendency to display younger ages to the east (Orejana et al., 2012b). This age range 
overlap the maximum magmatic activity (∼313–298 Ma) estimated not only in the CIZ but also for 
other late- to post-kinematic granitoids from the Western European Variscides (Orejana et al., 2012b, 
and references therein). Many CIZ granitoids have inherited zircons with ages ranging from Cadomian 
to lower Ordovician (∼650–460 Ma; Fernández-Suárez et al., 2011; Orejana et al., 2012b), and these 
zircons have been interpreted as derived from metaigneous felsic sources. 
In this chapter, seven representative samples from the different peraluminous granitoids types of 
the Montes de Toledo batholith have been selected for in situ U–Pb zircon geochronology via LA–
ICP-MS to constrain the emplacement age of the batholith, updating the previous geochronological 
studies carried out for several granite intrusions (Andonaegui, 1990; Orejana et al., 2012a). 
 
V.3.ii.- Geological outline 
Representative samples of the three MTB peraluminous granitoid types were selected for zircon 
morphological and U–Pb isotopical characterisation. The type-1 granitoid sample corresponds to the 
Azután pluton (sample 106821, occasionally porphyritic fine- to medium-grained restite-rich 
granodiorite) (Fig. 71). Type-2 granitoid samples are those from the Belvís pluton (sample 106796, 
coarse-grained leucogranite), the Navalmoral pluton (sample 106804, porphyritic medium- to coarse-
grained monzogranite), the Peraleda pluton (sample 106810, porphyritic fine- to medium-grained 
monzogranite), and the Aldeanueva pluton (sample 110210, medium- to coarse-grained leuco-




110331, porphyritic medium- to coarse-grained monzogranite), and the Madridejos pluton (sample 
110341, medium- to coarse-grained monzogranite; Fig. 68), both from the moderately peraluminous 
(mP) series of the E-MTB. They intruded into the low-grade Neoproterozoic metasedimentary 




Figure 71. A) Geological sketch map of the Variscan Iberian Belt showing the location of the Montes de 
Toledo batholith (black open square) within the Central Iberian Zone. B) Simplified geological map of the 
Montes de Toledo batholith showing the different granitoid types and the location of the selected samples 
studied for U–Pb geochronology and Hf isotope zircon composition (white stars and numbered circles): 1, 
Belvís de Monroy pluton (sample 106796); 2, Navalmoral de la Mata pluton (sample 106804); 3, Peraleda de 
San Román pluton (sample 106810); 4, Aldeanueva de Barbarroya pluton (sample 110210); 5, Azután pluton 




Chapter V.- Geochronology of the Montes the Toledo batholith 
 
 190 
V.3.iii.- Zircon description and U–Pb geochronology 
Euhedral to subeuhedral shapes and colourless to slightly brownish colour are common features to all 
zircon grains (Fig. 72A-G). The crystal size is usually between 50 and 300 µm, although zircons from 
type-3 may reach up to 400 µm. Zircon elongated bipyramidal prisms show decreasing aspect ratios 
from type-1 (1:12) to type-2 (1:6) and type-3 (1:4) granitoids. However, type-3 granites contain a 
higher proportion of elongated zircons (> 70%) than type-1 and type-2 granitoids, in which the most 
common morphologies are short stubby prisms and rounded zircons. Common mineral inclusions are 
essentially quartz, apatite, and rarely K-feldspar and micas, whereas monazite and ilmenite are only 
found in zircon from type-1 and type-2 granitoids. 
U–Pb isotopic raw data are given in Table 13. Most of the data give concordant ages, although 
some discordant U–Pb magmatic ages were also obtained (Table 13). All the data have been plotted in 
Figure 73 as Wetherill concordia diagrams. Since the uncertainties of the U–Pb concordia ages are 
enhanced by the possible inaccuracy associated to the 235U decay constant and the different calibration 
and analytical uncertainties of 207Pb/235U dates, that therefore mask the real data dispersion on the 
concordia ages (Schoene et al., 2006), the weighted average age of each sample have been calculated, 
including only internally-concordant 206Pb/238U dates (Fig. 73), and these results have been considered 
as the magmatic crystallisation ages. Those U–Pb data with errors lower than 2% have been artificially 
inflated as suggested by Košler et al. (2013) in their study about inter-laboratory uncertainties, which 
corresponds to the minimum limit of uncertainty obtained when compared to other analytical 
techniques (i.e., TIMS). Nevertheless, the U–Pb concordia age of each pluton (included within insets 
in the U–Pb concordia diagrams of Fig. 73) have also been calculated to compare them with the 
calculated mean 206Pb/238U dates. MSWD of equivalence values are shown to quantifiy the real data 
scatter and the goodness-of-fit of the calculated U–Pb concordia ages (Fig. 73). The similar results 
reported by mean 206Pb/238U and U–Pb concordia ages, both with low MSWD values (< 2) and high 
probabilities (> 5%), indicate that both methods yield acceptable crystallisation ages, although the 
latter includes a lower number of analyses due to the necessary rejection of highly discordant analyses 
(usually > 25%; dashed ellipses in concordia plots of Fig. 73). 206Pb/238U and 207Pb/206Pb ages have 
been considered for analyses younger and older than 1000 Ma, respectively. The U–Pb results 
determined for each intrusion are detailed as follows: 
 
Type-1 granitoids: Azután restite-rich granodiorite (sample 106821) 
Bipyramidal short prismatic forms are the most common zircon morphology, although elongated or 
rounded prisms and some equant grains are also frequent (Fig. 72A). Most of them present convolute 
zoning and local recrystallisation, though oscillatory and patchy zoning around dark cores are also 
found. 
Magmatic zircons from the Azután granodiorite display a wide continuous range of ages from 




The calculated age for this intrusion, both by U–Pb concordia (n = 37) and by weighted average (n = 
38) yields the oldest crystallisation age of the whole batholith (316 ± 2 Ma and 316 ± 3 Ma, 
respectively; Fig. 73; Table 13).  
Approximately half of the analysed zircon grains (n = 35) are inherited (Table 13), and at least 
65% of those are of Neoproterozoic age (Tonian (n = 2): 957 and 926 Ma; Cryogenian (n = 10): 790–
643 Ma; and Ediacaran (n = 13): 619–564 Ma; Fig. 73; Table 13). They are mostly represented by 
cores of stubby prisms and equant rounded crystals (Fig. 72A). A few cores of short and rounded 
prisms and rims of rounded grains display Paleoproterozoic (2235 Ma and 1837 Ma) and Cambrian 
(515 Ma) ages, respectively (Figs. 72A, 73; Table 13). 
 
Type-2 granitoids 
Belvís de Monroy leucogranite (sample 106796) 
Zircon crystals from this sample are commonly elongated bipyramidal prims, but slightly rounded and 
stubby prisms are also found (Fig. 72B). Under BSE, they commonly show bright homogeneous cores, 
though patchy, slightly oscillatory and convolute zoning are also observed (Fig. 72B). Some cores 
show resorption surfaces or are surrounded by darker rims (in most cases oscillatory-zoned) and, in 
some instances, they also present a final irregular brighter thin rim (Fig. 72B). 
Many zircon crystals from the Belvís pluton yielded highly discordant U–Pb ages (Table 13). 
206Pb/238U ratios give a mean crystallisation age of 310 ± 4 Ma (n = 12; Fig. 73), fairly similar to that 
obtained by the U–Pb concordia (311 ± 5 Ma; n = 6; Fig. 73). This age is slightly younger than that 
previously obtained on monazite (314 ± 3 Ma; see chapter V.2; Orejana et al. 2012a), though both 
overlap if errors are considered.  
Inherited zircons (13% of the overall analyses) usually correspond to bright homogenous cores 
of stubby prisms (Fig. 72B) and yield Neoproterozoic and Cambrian 206Pb/238U ages (637 Ma: late 
Cryogenian, and 533 Ma: Cambrian; Fig. 73; Table 13). 
 
Navalmoral de la Mata monzogranite (sample 106804) 
Most zircon grains are short stubby prisms with irregular dark cores, occasionally oscillatory-zoned, 
but minor elongated prisms are also found. Most cores are homogeneous, but convoluted zoning also 
occurs (Fig. 72C). 
A weighted average age of 305 ± 3 Ma based on 26 zircon analyses has been obtained (Fig. 
73; Table 13). This age clearly overlaps with that obtained by U–Pb concordia within analytical error 
(307 ± 2 Ma; n = 23; Fig. 73). 
Only two moderately discordant inherited zircons (5% of the overall analysed zircons) have 
been identified in this sample: one Paleoproterozoic (2091 Ma; D = 16%), and another 
Mesoproterozoic (1594 Ma; D = 23% and common-Pb = 3.5%; Fig. 73; Table 13).  

























Figure 72. BSE images of representative zircon grains from the MTB granitoids. A) Azután restite-
rich granodiorite (type-1 ehP); B) Belvís de Monroy leucogranite (type-2 fP); C) Navalmoral de la 
Mata monzogranite (type-2 hP); D) Peraleda de San Román monzogranite (type-2 hP); E) 
Aldeanueva de Barbarroya monzogranite (type-2 fP-hP); F) Mora-Las Ventas monzogranite (type-
3 mP); G) Madridejos monzogranite (type-3 mP). Red and blue solid circles correspond to the 
ablated areas performed for the U–Pb isotope and trace-elements analyses, respectively, whereas 




Peraleda de San Román monzogranite (sample 106810) 
Bipyramidal elongated to stubby prisms are the most common zircon morphologies. Small rounded 
grains are rarely found (Fig. 72D). They usually display homogeneous dark cores in BSE imaging, 
occasionally surrounded by irregular brighter rims, though oscillatory, convolute and patchy zoning 
are also present (Fig. 72D). 
A mean 206Pb/238U age of 304 ± 3 Ma (n = 15) has been obtained for this intrusion (Fig. 73; 
Table 13), which overlaps to that obtained by U–Pb concordia (303 ± 4 Ma; Fig. 73). Around 50% of 
the analysed zircon grains yield inherited ages (Table 2). They mainly consist of small stubby and 
rounded short prisms (Fig. 72D). Most of them are Neoproterozoic zircons (Tonian: 894 Ma, and 
Ediacaran (n = 8): from 632 to 540 Ma), but there are also three Paleoproterozoic (2305–1875 Ma), 
one Mesoproterozoic (1001 Ma, D = 15%) and two Cambrian (515 and 511 Ma) inheritances (Fig. 73; 
Table 13). 
 
Aldeanueva de Barbarroya monzogranite (sample 110210) 
Zircon morphologies consist of short stubby and elongated prisms, occasionally rounded, most of 
them showing dark cores surrounded by an irregular bright rim (Fig. 72E). These cores may display 
homogeneous, oscillatory or convolute zoning, occasionally truncated by homogeneous to slightly 
oscillatory-zoned brighter rims (Fig. 72E). 
This pluton shows two different magmatic populations, as suggested by the gap of Variscan ages 
between 305 and 311 Ma (Table 13) and the presence of two modal peaks when plotted in a 
probability density plot (Fig. 73). The oldest group yields a weighted average age of 316 ± 3 Ma (n = 
10) (Fig. 73), obtained in cores of short prisms and in rims of overgrowing dark inherited zircon cores 
(Fig. 72E). The youngest magmatic zircon group (cores and rims of elongated zircon grains; Fig. 72E) 
gives a weighted average age of 301 ± 4 Ma (n = 7; Fig. 73), interpreted as the crystallisation age of 
the pluton. These ages overlap to those obtained by U–Pb concordia (319 ± 3 (n = 7) and 302 ± 2 Ma 
(n = 7), respectively; Fig. 73). Nevertheless, neither the weighted average ages nor the two concordia 
ages do not overlap within analytical error (Fig. 73), which suggests two distinct magmatic events. 
Almost 50% of the analysed zircons represented inherited populations, though the large amount 
of not analysed zircons with rounded to short stubby morphologies, whic is typical of the inherited 
grains dated in this pluton, suggests that this percentage might be even higher. The most abundant pre-
Variscan zircon population is Neoproterozoic (Cryogenian (n=2): 827 and 814 Ma; and Ediacaran 
(n=8): from 619 to 547 Ma), though Neoarchean (2712–2621 Ma) and Cambrian (502 Ma) 
inheritances have also been found (Fig. 73; Table 13). 
 
 




Mora-Las Ventas monzogranite (sample 110331) 
Compared to the previous granitoid types, this sample is characterised by a higher population of large 
elongated prisms, although short and stubby prisms are also found (Fig. 72F). Back-scattered electron 
images reveal that most crystals have a strong oscillatory zoning (Fig. 72F). Nevertheless, some of 
them show dark homogeneous cores irregularly resorbed and surrounded by brighter rims (Fig. 72F). 
In some cases, crystal cores present convolute or patchy zoning. 
A weighted average age based on 22 zircon grains yields a crystallisation age of 308 ± 3 Ma for 
the Mora-Las Ventas monzogranite, the same to that given by U-–Pb concordia (308 ± 2 Ma; n = 18; 
Fig. 73; Table 13). Two populations of inherited zircons have been found (~20% of the overall 
analyses): i) Neoproterozoic cores in short stubby prisms (Cryogenian: 811–717 Ma (n = 2), and 
Ediacaran: 647–556 Ma (n = 3), some of these latter slightly discordant), and ii) Ordovician 
xenocrysts of 479 and 464 Ma (n = 2; Fig. 73; Table 13) obtained, respectively, in the oscillatory-
zoned rim around a Neoproterozoic zircon core and in a dark homogeneous zircon core (Fig. 72F; 
Table 13). 
 
Madridejos monzogranite (sample 110341) 
Similarly to the Mora-Las Ventas sample, most zircon grains from this pluton are large elongated 
prisms. Scarce short and stubby prisms are also present (Fig. 72G). The most common zoning pattern 
is oscillatory-zoned cores, some of them truncated by brighter oscillatory rims. Other cores are 
homogeneous or present convolute-zoning (Fig. 72G). 
Around 97% of the analysed zircons (n = 34) gave Variscan ages (Table 13), regardless of the 
zircon morphology or zoning (Fig. 72G). The calculated mean 206Pb/238U crystallisation age for this 
intrusion is 297 ± 2 Ma (n = 26; Fig. 73, Table 13), similar to that obtained by U–Pb concordia (299 ± 
2 Ma, n = 25; Fig .73). Only one inherited grain has been found (< 3% of the overall analyses; Table 
13), represented by a crystal with a homogenous core and a brighter rim (Figs. 72G). It yielded a 












Figure 73. U–Pb concordia diagrams and weighted average ages for the studied MTB granitoids. Bottom right 
insets of U–Pb concordia diagrams show the calculated U–Pb concordia age for each intrusion (coloured ellipses). 
Rejected data in the calculation of the concordia ages are represented as dashed ellipses. The MSWD values 
correspond to MSWD of equivalence. The calculated mean 206Pb/238U date of each intrusion has been selected as 
the magmatic crystallisation age due to the excess of analytical scatter and the possible inaccuracy associated to the 
235U decay constant in the U–Pb concordia diagrams (Schoene et al., 2006; see text for explanation). Some errors 
have been artificially inflated to 2% as suggested by Košler et al. (2013) due to the possible inaccuracies derived 
by data treatment. The two modal peaks of U–Pb Variscan ages obtained for the Aldeanueva pluton are shown in a 
probability density plot. Analytical uncertainties of weighted average ages are given at 2 sigma level. 
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Table 13. U–Pb isotope data of zircons from the studied MTB granitoids. 
 
Radiogenic ratios Age (Ma) Spot 
no. 
Pbca 
(%) 207Pb/206Pbb 2σ 207Pb/235Ub 2σ 206Pb/238Ub 2σ 
ρ 
206Pb/238Uc 2σ 207Pb/206Pbc 2σ 
Dd 
(%) 
Azután granodiorite (106821) 
1 0.00 0.0623 0.0009 0.9132 0.0147 0.1063 0.0009 0.53 651 6 684 28 -5.0 
2 0.00 0.1464 0.0063 4.6470 0.4323 0.2303 0.0190 0.89 1336 100 2304 70 -46.4 
3 0.00 0.0594 0.0006 0.7936 0.0109 0.0969 0.0008 0.63 596 4 582 22 2.6 
4 0.00 0.0530 0.0006 0.3636 0.0054 0.0498 0.0005 0.64 313 2 328 24 -4.5 
5 0.00 0.0536 0.0007 0.3653 0.0110 0.0494 0.0014 0.91 311 8 355 26 -12.6 
6 0.00 0.0529 0.0007 0.3837 0.0054 0.0526 0.0004 0.48 331 2 323 26 2.6 
7 0.00 0.0529 0.0006 0.3631 0.0064 0.0498 0.0007 0.79 313 4 325 24 -3.9 
8 0.00 0.0524 0.0005 0.3663 0.0047 0.0507 0.0004 0.62 319 2 302 22 5.8 
9 0.00 0.0605 0.0006 0.8310 0.0105 0.0996 0.0008 0.65 612 4 622 20 -1.7 
10 0.00 0.0607 0.0003 0.8436 0.0123 0.1008 0.0014 0.93 619 8 629 12 -1.8 
11 0.00 0.0533 0.0007 0.3655 0.0056 0.0497 0.0005 0.60 313 2 342 28 -8.9 
12 0.00 0.0533 0.0006 0.3589 0.0135 0.0489 0.0018 0.96 308 10 340 22 -9.8 
13 0.00 0.0530 0.0005 0.3730 0.0054 0.0510 0.0006 0.77 321 4 330 20 -2.9 
14 0.00 0.0701 0.0003 1.4941 0.0217 0.1545 0.0021 0.94 926 12 932 10 -0.7 
15 0.00 0.0703 0.0006 1.5513 0.0216 0.1600 0.0018 0.78 957 10 938 16 2.2 
16 0.00 0.0541 0.0009 0.3597 0.0068 0.0482 0.0004 0.45 304 2 375 36 -19.4 
17 0.00 0.0656 0.0006 1.1455 0.0149 0.1267 0.0011 0.68 769 6 793 18 -3.3 
18 0.00 0.0651 0.0006 1.0918 0.0128 0.1216 0.0009 0.64 740 6 777 18 -5.1 
19 0.00 0.0530 0.0006 0.3700 0.0052 0.0507 0.0004 0.52 319 2 327 26 -2.7 
20 0.00 0.0528 0.0004 0.3543 0.0041 0.0486 0.0004 0.70 306 2 322 18 -5.0 
21 0.00 0.0542 0.0013 0.3692 0.0184 0.0494 0.0022 0.88 311 14 381 52 -18.9 
22 0.00 0.0525 0.0007 0.3608 0.0058 0.0499 0.0004 0.45 314 2 307 32 2.4 
23 0.00 0.0533 0.0014 0.3731 0.0219 0.0508 0.0026 0.89 319 16 340 60 -6.3 
24 0.00 0.0609 0.0005 0.8799 0.0155 0.1048 0.0016 0.87 643 10 635 18 1.2 
25 0.00 0.0532 0.0005 0.3783 0.0091 0.0516 0.0011 0.92 324 6 337 20 -4.0 
26 0.00 0.1123 0.0013 4.6381 0.1302 0.2996 0.0077 0.92 1689 38 1837 20 -9.1 
28 0.00 0.0525 0.0006 0.3621 0.0062 0.0501 0.0006 0.73 315 4 305 26 3.3 
29 0.00 0.0595 0.0006 0.7901 0.0137 0.0964 0.0014 0.84 593 8 584 20 1.6 
30 0.00 0.0624 0.0005 1.0174 0.0195 0.1182 0.0021 0.91 720 12 689 16 4.7 
31 0.00 0.0527 0.0008 0.3626 0.0078 0.0499 0.0007 0.67 314 4 315 34 -0.2 
32 0.00 0.0588 0.0005 0.7616 0.0122 0.0939 0.0013 0.85 579 8 560 18 3.4 
33 0.00 0.1406 0.0019 7.5311 0.2689 0.3884 0.0129 0.93 2116 60 2235 22 -6.3 
34 0.00 0.0585 0.0008 0.7574 0.0150 0.0939 0.0014 0.75 579 8 548 30 5.7 
36 2.90 0.0523 0.0006 0.3521 0.0078 0.0488 0.0009 0.88 307 6 298 22 3.2 
37 0.00 0.0634 0.0005 1.0599 0.0179 0.1213 0.0018 0.88 738 10 720 16 2.6 
38 0.00 0.0524 0.0007 0.3780 0.0190 0.0524 0.0025 0.96 329 16 301 30 9.6 
39 0.00 0.0527 0.0005 0.3613 0.0058 0.0497 0.0007 0.83 313 4 316 20 -1.0 
40 0.00 0.0526 0.0008 0.3725 0.0078 0.0514 0.0008 0.72 323 4 311 32 3.8 
41 0.00 0.0521 0.0005 0.3535 0.0070 0.0492 0.0009 0.88 309 6 291 22 6.3 
42 0.00 0.0589 0.0005 0.7432 0.0229 0.0915 0.0027 0.96 564 16 565 18 -0.1 
43 0.00 0.0525 0.0005 0.3785 0.0079 0.0523 0.0010 0.90 329 6 306 20 7.6 
44 0.00 0.0523 0.0005 0.3602 0.0072 0.0499 0.0009 0.87 314 6 299 22 5.3 
45 0.00 0.0525 0.0006 0.3651 0.0082 0.0504 0.0010 0.85 317 6 308 26 3.0 
46 0.00 0.0527 0.0005 0.3677 0.0063 0.0506 0.0007 0.83 318 4 318 22 0.1 
47 0.00 0.0530 0.0007 0.3800 0.0179 0.0520 0.0024 0.96 327 14 327 28 -0.4 
48 0.00 0.0529 0.0010 0.3721 0.0102 0.0511 0.0011 0.75 321 6 322 40 0.0 
49 0.00 0.0649 0.0005 1.1666 0.0193 0.1304 0.0019 0.88 790 10 771 16 2.6 
50 0.00 0.0591 0.0005 0.7668 0.0193 0.0941 0.0022 0.95 580 14 571 16 1.6 
51 0.00 0.0527 0.0006 0.3673 0.0079 0.0505 0.0009 0.85 318 6 316 26 0.6 
52 0.00 0.0525 0.0006 0.3639 0.0066 0.0502 0.0007 0.78 316 4 309 26 2.4 
53 0.00 0.0527 0.0005 0.3709 0.0065 0.0511 0.0008 0.85 321 4 314 22 2.2 
54 0.00 0.0526 0.0005 0.3633 0.0067 0.0501 0.0008 0.86 315 4 311 22 1.2 
55 0.00 0.0588 0.0007 0.7932 0.0335 0.0979 0.0040 0.96 602 24 559 24 8.1 
56 2.70 0.0603 0.0013 0.8296 0.0600 0.0998 0.0069 0.95 614 40 613 48 0.1 
57 0.00 0.0595 0.0005 0.8005 0.0215 0.0975 0.0025 0.96 600 14 586 18 2.4 
58 0.00 0.0601 0.0005 0.7631 0.0126 0.0920 0.0013 0.87 567 8 609 16 -7.1 
59 0.00 0.0599 0.0006 0.7955 0.0179 0.0964 0.0019 0.90 593 12 598 22 -0.9 
60 0.00 0.0529 0.0005 0.3724 0.0065 0.0511 0.0007 0.83 321 4 323 22 -0.7 
61 0.00 0.0610 0.0005 0.8903 0.0155 0.1059 0.0016 0.87 649 10 639 18 1.6 
63 0.00 0.0531 0.0008 0.3705 0.0072 0.0507 0.0006 0.61 319 4 331 32 -3.9 
64-1 0.00 0.0553 0.0009 0.4077 0.0206 0.0534 0.0026 0.95 336 16 426 34 -21.7 
64-2 0.00 0.1025 0.0018 2.3862 0.1808 0.1689 0.0125 0.97 1006 68 1669 32 -42.8 
65 0.00 0.0622 0.0006 0.9736 0.0188 0.1134 0.0019 0.88 693 12 682 18 1.6 





Table 13. (Continued). 
 
 
Radiogenic ratios Age (Ma) Spot 
no. 
Pbca 
(%) 207Pb/206Pbb 2σ 207Pb/235Ub 2σ 206Pb/238Ub 2σ 
ρ 
206Pb/238Uc 2σ 207Pb/206Pbc 2σ 
Dd 
(%) 
Azután granodiorite (106821) 
67 0.00 0.0526 0.0007 0.3659 0.0095 0.0504 0.0011 0.85 317 6 312 30 1.7 
68 0.00 0.0523 0.0007 0.3556 0.0078 0.0493 0.0009 0.81 310 6 297 30 4.5 
69 0.00 0.0580 0.0005 0.6650 0.0135 0.0832 0.0016 0.92 515 10 529 16 -2.7 
70 0.00 0.0594 0.0007 0.7988 0.0157 0.0976 0.0016 0.83 600 10 580 24 3.6 
Belvís leucogranite (106796) 
1 0.41 0.0596 0.0018 0.4592 0.0142 0.0559 0.0014 0.45 351 8 588 66 41.5 
2 0.00 0.0551 0.0028 0.3837 0.0201 0.0505 0.0016 0.35 318 10 417 116 24.5 
3 0.00 0.0544 0.0018 0.3612 0.0128 0.0482 0.0012 0.43 303 8 386 78 22.0 
4 0.00 0.0778 0.0022 0.4642 0.0146 0.0433 0.0011 0.52 273 8 1143 58 77.7 
5 0.00 0.0582 0.0020 0.3943 0.0133 0.0491 0.0012 0.34 309 8 538 76 43.6 
6 0.00 0.0663 0.0021 0.4402 0.0147 0.0482 0.0012 0.42 303 8 816 68 64.3 
8 0.00 0.0520 0.0018 0.3525 0.0129 0.0491 0.0013 0.44 309 8 286 80 -8.2 
10 0.00 0.0590 0.0018 0.7007 0.0225 0.0862 0.0021 0.41 533 12 566 70 6.1 
12 0.49 0.0525 0.0020 0.3643 0.0115 0.0503 0.0011 0.31 316 6 308 90 -2.9 
14 0.00 0.0553 0.0018 0.3771 0.0126 0.0494 0.0012 0.42 311 8 426 74 27.6 
15 1.64 0.0533 0.0055 0.3282 0.0328 0.0447 0.0011 0.31 282 6 341 238 17.8 
16 0.00 0.0517 0.0027 0.3685 0.0195 0.0517 0.0017 0.34 325 10 273 122 -19.4 
17 0.00 0.0536 0.0025 0.3475 0.0160 0.0471 0.0012 0.22 296 8 353 110 16.3 
21 0.92 0.0600 0.0030 0.4069 0.0200 0.0492 0.0014 0.26 310 8 603 110 49.8 
22 0.00 0.0612 0.0017 0.8769 0.0256 0.1039 0.0024 0.45 637 14 647 62 1.7 
25 -0.34 0.0586 0.0032 0.3890 0.0214 0.0482 0.0015 0.32 303 10 551 122 46.0 
27 2.50 0.0547 0.0058 0.3326 0.0329 0.0441 0.0016 0.29 278 10 399 242 30.9 
30 0.41 0.0526 0.0041 0.3536 0.0253 0.0488 0.0014 0.46 307 8 310 180 1.0 
31 0.00 0.0681 0.0031 0.4326 0.0199 0.0461 0.0013 0.33 290 8 872 96 68.2 
32 0.00 0.0670 0.0031 0.7639 0.0369 0.0827 0.0025 0.36 512 16 839 100 40.5 
33 0.00 0.0533 0.0032 0.3553 0.0212 0.0484 0.0015 0.27 305 10 340 138 10.8 
Navalmoral monzogranite (106804) 
2 0.00 0.0550 0.0030 0.3748 0.0205 0.0494 0.0015 0.26 311 10 413 126 25.3 
4 0.00 0.0527 0.0027 0.3565 0.0183 0.0491 0.0015 0.31 309 10 316 118 2.5 
5 0.00 0.0540 0.0035 0.3601 0.0232 0.0484 0.0016 0.22 304 10 372 152 18.6 
6 0.00 0.0549 0.0024 0.3705 0.0164 0.0490 0.0014 0.34 308 8 408 100 25.0 
7 0.51 0.0531 0.0047 0.3665 0.0298 0.0501 0.0018 0.21 315 10 332 206 5.3 
8 0.00 0.0530 0.0023 0.3539 0.0161 0.0485 0.0014 0.37 305 8 328 102 7.2 
9 0.00 0.0559 0.0047 0.3707 0.0306 0.0481 0.0017 0.15 303 10 447 194 33.0 
10 0.95 0.0586 0.0044 0.3964 0.0287 0.0491 0.0017 0.18 309 10 552 166 45.1 
11 0.00 0.0521 0.0033 0.3444 0.0218 0.0480 0.0015 0.24 302 10 288 150 -4.8 
13 0.00 0.0659 0.0032 0.4348 0.0211 0.0479 0.0014 0.30 302 8 802 104 63.9 
14 0.00 0.0533 0.0015 0.3577 0.0108 0.0487 0.0012 0.51 307 8 340 64 10.0 
15 0.38 0.0530 0.0022 0.3515 0.0115 0.0481 0.0012 0.40 303 8 327 96 7.6 
16 0.00 0.0559 0.0045 0.3731 0.0283 0.0484 0.0016 0.09 305 10 450 182 33.0 
17 0.00 0.0538 0.0037 0.3601 0.0244 0.0485 0.0016 0.22 306 10 363 158 16.2 
19 0.00 0.0546 0.0042 0.3589 0.0273 0.0477 0.0016 0.17 301 10 394 178 24.2 
20 0.00 0.0552 0.0041 0.3636 0.0265 0.0478 0.0017 0.20 301 10 422 170 29.3 
22 0.00 0.0549 0.0027 0.3704 0.0181 0.0490 0.0014 0.29 308 8 407 112 24.9 
23 0.01 0.0587 0.0029 0.3800 0.0181 0.0470 0.0012 0.22 296 8 557 110 48.0 
24 -0.09 0.0553 0.0027 0.3682 0.0175 0.0483 0.0013 0.26 304 8 424 110 29.0 
27 0.12 0.1295 0.0056 5.7442 0.1955 0.3217 0.0086 0.51 1798 42 2091 78 16.1 
28 0.00 0.0540 0.0084 0.3660 0.0540 0.0492 0.0030 0.09 310 18 373 356 17.5 
29 0.00 0.0570 0.0055 0.3706 0.0348 0.0471 0.0019 0.15 297 12 493 218 40.7 
30 0.00 0.0514 0.0036 0.3453 0.0241 0.0488 0.0016 0.20 307 10 257 166 -20.1 
31 0.00 0.0514 0.0035 0.3539 0.0237 0.0499 0.0016 0.22 314 10 261 160 -20.9 
32 0.00 0.0499 0.0046 0.3316 0.0297 0.0482 0.0019 0.16 303 12 191 214 -60.0 
33 0.00 0.0581 0.0032 0.3687 0.0205 0.0461 0.0014 0.27 290 8 532 126 46.4 
34 3.48 0.0984 0.0127 2.9360 0.3643 0.2165 0.0077 0.58 1263 40 1594 248 22.8 
36 0.00 0.0509 0.0041 0.3310 0.0262 0.0472 0.0016 0.17 297 10 234 192 -27.4 
37 -0.63 0.0592 0.0049 0.3952 0.0319 0.0484 0.0019 0.20 305 12 575 182 48.1 
Peraleda monzogranite (106810) 
1 0.00 0.0539 0.0039 0.3635 0.0258 0.0490 0.0016 0.18 308 10 365 168 15.9 
2 0.00 0.0612 0.0024 0.7892 0.0323 0.0936 0.0027 0.41 577 16 646 86 11.3 
3 0.00 0.0523 0.0019 0.3586 0.0135 0.0498 0.0013 0.38 313 8 296 86 -5.8 
4 0.00 0.0639 0.0027 0.4406 0.0192 0.0500 0.0015 0.37 315 8 739 92 58.8 
6 1.55 0.0519 0.0037 0.3402 0.0223 0.0475 0.0013 0.39 299 8 281 166 -6.8 
7 0.00 0.0613 0.0018 0.7858 0.0239 0.0930 0.0022 0.43 573 14 649 64 12.2 
8 0.01 0.1465 0.0049 6.9293 0.2442 0.3431 0.0092 0.44 1902 44 2305 60 20.2 
9 0.00 0.0598 0.0035 0.7594 0.0435 0.0921 0.0029 0.25 568 18 598 128 5.3 
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Table 13. (Continued). 
 
 
Radiogenic ratios Age (Ma) Spot 
no. 
Pbca 
(%) 207Pb/206Pbb 2σ 207Pb/235Ub 2σ 206Pb/238Ub 2σ ρ 206Pb/238Uc 2σ 207Pb/206Pbc 2σ 
Dd 
(%) 
Peraleda monzogranite (106810) 
10 0.00 0.0590 0.0034 0.3961 0.0227 0.0487 0.0016 0.25 307 10 566 130 46.9 
11 0.39 0.0553 0.0019 0.3672 0.0126 0.0482 0.0012 0.39 303 8 422 76 28.8 
12 0.00 0.0820 0.0026 0.5603 0.0173 0.0496 0.0011 0.35 312 8 1246 64 76.8 
13 0.92 0.1264 0.0067 6.4486 0.3094 0.3701 0.0080 0.52 2030 38 2048 96 1.0 
14 0.00 0.0603 0.0015 0.8561 0.0216 0.1029 0.0022 0.44 632 12 615 54 -2.8 
15 0.27 0.0618 0.0026 0.7743 0.0326 0.0909 0.0025 0.34 561 14 667 92 16.7 
16 0.00 0.1147 0.0033 4.5711 0.1216 0.2891 0.0056 0.23 1637 28 1875 54 14.4 
17 1.67 0.0603 0.0030 0.7712 0.0331 0.0928 0.0024 0.38 572 14 613 110 7.0 
18 0.00 0.0546 0.0040 0.3780 0.0270 0.0502 0.0018 0.22 316 12 397 166 20.9 
19 0.00 0.0581 0.0021 0.3833 0.0142 0.0479 0.0012 0.37 301 8 534 82 44.5 
20 0.00 0.0621 0.0019 0.4086 0.0128 0.0478 0.0012 0.43 301 8 677 66 56.8 
21 0.00 0.0696 0.0016 1.4273 0.0334 0.1488 0.0032 0.49 894 18 915 48 2.5 
22 0.00 0.0725 0.0017 1.4329 0.0329 0.1433 0.0030 0.46 863 16 1001 48 14.7 
23 0.00 0.0530 0.0027 0.3416 0.0176 0.0467 0.0014 0.28 294 8 330 120 10.9 
24 0.00 0.0525 0.0023 0.3454 0.0155 0.0477 0.0013 0.31 300 8 308 104 2.4 
25 0.00 0.0631 0.0022 0.7601 0.0255 0.0874 0.0019 0.23 540 12 712 78 25.1 
26 0.00 0.0552 0.0033 0.3556 0.0211 0.0467 0.0015 0.25 294 10 422 136 30.9 
27 0.00 0.0544 0.0029 0.3555 0.0192 0.0474 0.0014 0.28 299 8 386 124 23.0 
28 0.00 0.0529 0.0031 0.3518 0.0202 0.0482 0.0015 0.25 304 8 325 134 6.7 
30 0.00 0.0593 0.0019 0.6801 0.0219 0.0832 0.0019 0.35 515 12 578 72 11.3 
31 0.00 0.0599 0.0020 0.7660 0.0269 0.0927 0.0025 0.44 572 14 601 74 5.1 
32 0.00 0.0586 0.0017 0.6666 0.0196 0.0825 0.0019 0.39 511 12 553 66 7.8 
Aldeanueva monzogranite (110210) 
2 3.99 0.0711 0.0036 0.8608 0.0395 0.0878 0.0019 0.40 542 12 961 106 45.4 
3 0.17 0.0606 0.0017 0.7390 0.0203 0.0885 0.0019 0.40 547 12 624 60 13.0 
4 4.67 0.0667 0.0054 0.8256 0.0633 0.0898 0.0023 0.39 554 14 829 172 34.6 
5 0.00 0.0594 0.0015 0.7404 0.0184 0.0905 0.0020 0.45 558 12 580 54 4.0 
6 0.59 0.0667 0.0036 1.2592 0.0620 0.1369 0.0031 0.58 827 18 829 116 0.2 
7 0.00 0.0540 0.0013 0.3726 0.0094 0.0500 0.0011 0.46 315 6 371 58 15.7 
8 0.00 0.0669 0.0019 1.2419 0.0350 0.1346 0.0030 0.38 814 16 836 60 2.8 
9 0.00 0.0524 0.0014 0.3739 0.0104 0.0517 0.0012 0.47 325 8 305 62 -6.9 
10 0.00 0.0536 0.0014 0.3684 0.0096 0.0498 0.0011 0.43 313 6 356 60 12.1 
11 0.00 0.1865 0.0046 13.0227 0.3555 0.5063 0.0125 0.55 2641 54 2712 42 3.2 
12 0.48 0.0536 0.0025 0.3741 0.0145 0.0507 0.0014 0.38 319 8 352 110 9.8 
13 0.00 0.0631 0.0015 0.8075 0.0186 0.0928 0.0019 0.45 572 12 711 50 20.4 
14 0.00 0.0530 0.0019 0.3605 0.0125 0.0494 0.0011 0.29 311 6 327 82 5.2 
15 0.00 0.0566 0.0013 0.6320 0.0144 0.0810 0.0017 0.45 502 10 475 52 -5.9 
16 0.00 0.0572 0.0016 0.3938 0.0116 0.0500 0.0012 0.45 314 8 497 64 37.7 
17 0.00 0.0540 0.0028 0.3871 0.0202 0.0520 0.0016 0.33 327 10 371 118 12.4 
18 0.00 0.0556 0.0017 0.3814 0.0113 0.0497 0.0011 0.34 313 6 437 68 29.1 
19 0.23 0.1766 0.0061 11.2397 0.2978 0.4616 0.0101 0.52 2447 44 2621 58 8.0 
20 0.76 0.0540 0.0023 0.3608 0.0127 0.0485 0.0012 0.36 305 8 370 98 17.9 
21 0.24 0.0531 0.0022 0.3471 0.0120 0.0474 0.0011 0.65 299 6 332 96 10.4 
22 0.00 0.2224 0.3442 15.0598 32.6817 0.4936 1.0622 0.74 2586 4584 2998 4846 17.0 
23 0.00 0.0612 0.0016 0.8512 0.0216 0.1008 0.0022 0.42 619 12 647 56 4.5 
24 0.06 0.0564 0.0014 0.3865 0.0101 0.0497 0.0012 0.53 313 8 469 54 34.1 
25 0.00 0.0529 0.0015 0.3496 0.0092 0.0479 0.0009 0.19 302 6 325 68 7.3 
26 0.00 0.0528 0.0013 0.3485 0.0090 0.0479 0.0011 0.50 301 6 321 58 6.1 
27 0.33 0.0514 0.0020 0.3414 0.0108 0.0482 0.0011 0.50 303 6 258 92 -18.1 
28 0.59 0.0547 0.0050 0.3586 0.0315 0.0476 0.0012 0.63 300 8 399 210 25.4 
29 1.59 0.0610 0.0046 0.7911 0.0551 0.0940 0.0026 0.51 579 16 641 164 10.0 
30 1.46 0.0526 0.0035 0.3439 0.0214 0.0474 0.0011 0.57 298 6 313 154 4.7 
31 0.00 0.0523 0.0015 0.3691 0.0104 0.0512 0.0011 0.31 322 6 300 68 -7.4 
Mora-Las Ventas monzogranite (110331) 
1 0.00 0.0527 0.0012 0.3365 0.0078 0.0463 0.0010 0.53 292 6 316 52 7.9 
2 0.00 0.0532 0.0025 0.3562 0.0170 0.0485 0.0015 0.36 306 10 338 108 9.9 
3 0.00 0.0526 0.0013 0.3510 0.0086 0.0484 0.0010 0.45 305 6 313 56 2.7 
4 0.00 0.0526 0.0014 0.3487 0.0094 0.0481 0.0010 0.40 303 6 310 62 2.3 
5 0.49 0.0573 0.0020 0.3748 0.0128 0.0475 0.0011 0.43 298 6 348 116 14.9 
6 0.14 0.0546 0.0015 0.3805 0.0105 0.0506 0.0011 0.43 318 6 394 62 19.7 
7 0.00 0.0530 0.0017 0.3581 0.0118 0.0490 0.0012 0.43 309 8 328 74 5.9 
8 0.11 0.0551 0.0016 0.3845 0.0126 0.0506 0.0013 0.47 318 8 379 96 16.5 
9 0.54 0.0560 0.0024 0.3736 0.0163 0.0484 0.0014 0.42 303 8 275 176 -10.6 
10 0.00 0.0657 0.0016 0.9563 0.0234 0.1056 0.0023 0.48 647 14 796 50 19.7 




Table 13. (Continued). 
 
 
Radiogenic ratios Age (Ma) Spot 
no. 
Pbca 
(%) 207Pb/206Pbb 2σ 207Pb/235Ub 2σ 206Pb/238Ub 2σ ρ 206Pb/238Uc 2σ 207Pb/206Pbc 2σ 
Dd 
(%) 
Mora-Las Ventas monzogranite (110331) 
12 0.19 0.0560 0.0015 0.3578 0.0100 0.0464 0.0010 0.42 292 6 450 62 35.9 
13 0.45 0.0551 0.0017 0.3825 0.0119 0.0504 0.0012 0.39 316 8 264 102 -20.2 
14 0.00 0.0574 0.0015 0.5905 0.0156 0.0746 0.0016 0.44 464 10 507 58 8.9 
15 0.00 0.0675 0.0020 1.2473 0.0374 0.1341 0.0032 0.43 811 18 853 62 5.3 
16 0.00 0.0533 0.0023 0.3575 0.0157 0.0487 0.0013 0.34 306 8 341 100 10.3 
17 0.00 0.0528 0.0022 0.3509 0.0148 0.0482 0.0013 0.38 303 8 322 96 5.9 
18 0.00 0.0518 0.0029 0.3382 0.0189 0.0474 0.0015 0.30 298 10 275 130 -8.8 
19 0.00 0.0539 0.0020 0.3663 0.0141 0.0493 0.0013 0.36 310 8 366 88 15.5 
20 -0.69 0.0584 0.0021 0.3955 0.0150 0.0491 0.0013 0.43 309 8 546 80 44.4 
21 0.00 0.0543 0.0022 0.3560 0.0149 0.0476 0.0013 0.40 300 8 381 92 21.9 
22 -0.68 0.0564 0.0024 0.3814 0.0168 0.0491 0.0015 0.42 309 10 466 94 34.6 
23 0.27 0.0580 0.0018 0.4034 0.0136 0.0505 0.0014 0.52 317 8 528 68 40.9 
24 0.00 0.0570 0.0022 0.6051 0.0252 0.0771 0.0023 0.44 479 14 490 88 2.3 
25 0.00 0.0613 0.0029 0.7601 0.0370 0.0900 0.0029 0.39 556 16 648 102 14.9 
26 0.00 0.0605 0.0025 0.8321 0.0362 0.0998 0.0029 0.40 613 18 622 92 1.4 
27 0.00 0.0522 0.0017 0.3650 0.0122 0.0507 0.0012 0.39 319 8 295 76 -8.3 
28 0.00 0.0531 0.0021 0.3672 0.0156 0.0501 0.0015 0.42 315 10 335 94 6 
29 0.00 0.0542 0.0028 0.3671 0.0192 0.0492 0.0015 0.29 309 8 378 120 18.5 
30 0.00 0.0529 0.0024 0.3602 0.0167 0.0494 0.0015 0.39 311 10 324 104 4.2 
31 0.00 0.0644 0.0025 1.0447 0.0418 0.1176 0.0033 0.42 717 20 755 82 5.3 
32 0.00 0.0539 0.0019 0.3657 0.0121 0.0493 0.0011 0.24 310 6 365 80 15.5 
33 0.00 0.0534 0.0016 0.3573 0.0106 0.0486 0.0011 0.38 306 6 345 68 11.6 
Madridejos monzogranite (110341) 
2 0.00 0.0520 0.0018 0.3288 0.0112 0.0459 0.0011 0.35 289 6 286 80 -1.1 
3 0.00 0.0538 0.0015 0.3537 0.0102 0.0477 0.0011 0.43 300 6 363 66 17.7 
4 0.00 0.0541 0.0016 0.3386 0.0106 0.0454 0.0011 0.46 286 6 376 68 24.6 
5 0.47 0.0551 0.0022 0.3568 0.0149 0.0470 0.0013 0.39 296 8 415 92 29.3 
6 0.00 0.0534 0.0021 0.3438 0.0134 0.0467 0.0011 0.29 294 6 345 92 14.9 
7 0.00 0.0542 0.0021 0.3505 0.0146 0.0469 0.0014 0.43 296 8 379 90 22.5 
8 0.00 0.0554 0.0023 0.3620 0.0159 0.0474 0.0014 0.42 298 8 430 94 31.4 
9 -1.07 0.0550 0.0019 0.3823 0.0128 0.0504 0.0011 0.31 317 6 412 78 23.6 
10 0.00 0.0616 0.0026 0.7641 0.0329 0.0899 0.0026 0.39 555 16 661 92 16.7 
11 0.00 0.0552 0.0029 0.3525 0.0185 0.0463 0.0012 0.23 292 8 421 122 31.3 
12 0.00 0.0507 0.0025 0.3006 0.0143 0.0430 0.0010 0.13 271 6 227 118 -19.9 
13 0.00 0.0525 0.0019 0.3354 0.0123 0.0463 0.0011 0.35 292 6 309 84 5.5 
14 0.00 0.0532 0.0019 0.3391 0.0129 0.0463 0.0012 0.41 292 8 336 84 13.4 
15 0.00 0.0520 0.0016 0.3514 0.0116 0.0490 0.0013 0.50 309 8 285 72 -8.6 
16 0.00 0.0539 0.0021 0.3533 0.0143 0.0475 0.0013 0.38 299 8 368 90 19 
17 0.00 0.0537 0.0018 0.3523 0.0129 0.0475 0.0013 0.46 299 8 360 80 17.3 
19 0.00 0.0531 0.0017 0.3465 0.0115 0.0473 0.0012 0.43 298 8 334 74 11.1 
20 0.00 0.0532 0.0018 0.3455 0.0117 0.0471 0.0011 0.39 297 8 338 76 12.4 
21 0.00 0.0550 0.0045 0.3611 0.0289 0.0476 0.0017 0.16 300 10 412 188 27.8 
22 0.00 0.0536 0.0017 0.3432 0.0116 0.0464 0.0012 0.48 293 8 355 72 18 
23 0.00 0.0531 0.0018 0.3537 0.0134 0.0484 0.0014 0.50 304 8 331 80 8.2 
24 0.00 0.0528 0.0014 0.3424 0.0095 0.0470 0.0011 0.47 296 6 321 62 7.8 
25 0.00 0.0529 0.0017 0.3437 0.0118 0.0471 0.0012 0.45 297 8 325 76 8.9 
26 0.00 0.0532 0.0032 0.3551 0.0217 0.0485 0.0016 0.29 305 10 336 140 9.4 
27 1.07 0.0615 0.0016 0.3604 0.0103 0.0425 0.0010 0.55 266 6 332 126 20.4 
28 0.00 0.0525 0.0020 0.3453 0.0135 0.0478 0.0013 0.41 301 8 305 88 1.5 
29 0.00 0.0542 0.0025 0.3550 0.0169 0.0475 0.0014 0.35 299 8 381 106 22 
30 0.53 0.0559 0.0019 0.3586 0.0130 0.0465 0.0013 0.55 291 8 276 182 -5.6 
31 0.00 0.0525 0.0024 0.3466 0.0162 0.0479 0.0015 0.39 301 10 309 104 2.4 
32 0.00 0.0519 0.0023 0.3450 0.0156 0.0482 0.0014 0.37 303 8 282 102 -7.8 
33 0.00 0.0534 0.0015 0.3616 0.0105 0.0491 0.0012 0.49 309 8 347 64 11.1 
 
a
 Total common 206Pb in sample (inital + blank). 
b
 Corrected for fractionation, spike, blank and initial common Pb; error calculated by propagating the main 
sources of uncertainty; initial common Pb corrected using Stacey and Kramers (1975) model Pb. 
c
 Calculated ages after common Pb correction.  
d
 Degree of discordance after common Pb correction. 
Data in italic represent highly discordant or high common Pb analyses. 




V.4.i.- Inherited monazite: chemical and textural criteria 
Monazite from the analysed MTB granites displays a complex internal structure including various 
zoning patterns, but also unzoned grains of uniform chemical composition (Fig. 66A-C). Similar 
features have been extensively reported in metamorphic (e.g., Ayers et al., 1999; Zhu and O’Nions, 
1999; Cocherie et al., 2005; Pyle et al., 2005) and igneous (e.g., Poitrasson et al., 1996; Fitzsimons et 
al., 1997; Hawkins and Bowring, 1997; Be Mezeme et al., 2006) monazites, which allow the 
recognition of different domains with distinct chemical and age characteristics, indicative of several 
monazite growth events.  
Most crystals with core–rim textures from samples 110206 (Torrico) and 106796 (Belvís de 
Monroy) show xenomorphic cores which record older ages and a distinct chemical composition when 
compared with the surrounding rims. These cores normally display less variable Th/U ratios, whereas 
overgrowths and homogeneous crystals with heterogeneous Th/U values yield ages lower than ~330–
340 Ma (Fig. 67). Such a contrast in chemical composition is not obvious in sample 110049 (Villar del 
Pedroso). The age difference between cores and rims is usually lower than ~50 Ma, which is a 
deviation below the precision of monazite dating by EPMA (e.g., Cocherie and Albarede, 2001). 
However, both monazite texture and chemical data are indicative of a polygenetic origin and that older 
monazite grains have been preserved in the felsic magma. These textural and chemical criteria have 
been used to group the analyses from each sample (except 110149) in two different homogeneous 
clusters: (1) rims (overgrowths) and homogeneous crystals, and (2) xenomorphic cores and monazites 
with patchy zoning.  
The weighted average age calculated for a scarce number of anhedral cores from sample 110206 
(333 ± 18 Ma; Fig. 70C) can only be considered as a broad approximation to a monazite growth 
episode which occurred less than 50 Ma before granite melt generation (taking into account the 
analytical uncertainty). Nonetheless, it is notable the similarity of this data with the more robust age of 
333 ± 5 Ma extracted from equivalent monazites of sample 106796 (Figs. 68B, C). This Visean event 
must be associated to the Variscan metamorphism and the xenomorphic cores (and crystals with 
patchy zoning) are likely relicts from the metamorphic wall rock. It is worth noting that some 
individual analyses (five spots) from the corroded cores yielded ages from 402 to 683 Ma. These old 
ages are interpreted as remnants of pre-Variscan metasediments. Intense metamorphism during the 
Variscan collision probably led to the replacement of the initial grains. Episodic growth and 
replacement have been proposed as processes responsible for concentric zoning in monazites from 
metamorphic rocks (e.g., Zhu and O’Nions, 1999). Moreover, patchy (or sector) zoning, which does 
not necessarily imply age zoning (Williams et al., 1999), is a typical texture of monazites from high-
grade regions (e.g., DeWolf et al., 1993; Hawkins and Bowring 1997; Zhu et al., 1997), where 
metamorphism is capable of erasing pre-existing zoning and resetting the U–Th–Pb isotopic systems 




Available geochronology studies based on U–Pb zircon dating of anatectic leucogranites in the 
Anatectic Complex of Toledo (ACT) (eastern MTB) provide a poorly constrained age of 
migmatisation: 311 Ma (Barbero and Rogers, 1999), 317 Ma (Castiñeiras et al., 2008) and 332 Ma 
(Bea et al., 2006). Other approaches to the age of metamorphism in the Central Iberian Zone are based 
on monazite U–Pb dating of metasedimentary and metaigneous rocks from the Spanish Central 
System (Escuder-Viruete et al., 1998) and the Gneissic Tormes Dome (Valverde-Vaquero et al., 
1995), both areas located to the north of the MTB (Fig. 64A). These works establish a main D2 
deformation phase associated to important regional extensional structures, with the age constrained to 
a range of 337–326 Ma. The calculated ages on inherited monazites partly resemble those of the latter 
studies (Fig. 74). The 333 Ma age might be considered an approximation to the age of the main 
metamorphic event in the outcropping Schist Greywacke Complex (Fig. 74). In fact, similar ages are 
also obtained in some zircon crystals from the Azután granodiorite (Fig. 73; Table 13). The ages 
recorded in the ACT by Barbero and Rogers (1999) and Castiñeiras et al. (2008) (311–317 Ma) imply 
younger peak conditions. This apparent discrepancy is likely due to the higher metamorphic grade 
recorded by migmatitic leucogranites (800–850 ºC, 4–6 kbar; Barbero, 1992b). Important differences 
(10–40 Ma) in attaining the peak metamorphic conditions at different crustal levels are typical of 
homogeneous crustal thickening models in collisional orogens (e.g., Spear, 1993). However, a detailed 
discussion of the metamorphic ages would be spurious, since there is not information regarding either 
the relationship between the analysed xenocrystic monazites and the metamorphic fabrics of the 
protolith, nor geochronology data of outcropping granite wall-rocks. 
On the other hand, the possible age overlapping between melt generation in the Anatectic 
Complex of Toledo (311–317 Ma; Barbero and Rogers, 1999; Castiñeiras et al., 2008) and granite 
intrusion in the MTB, should not be considered as contradictory. The migmatitic complex is a high-
grade area with pre-Cambrian metamorphic rocks equilibrated at intermediate-P granulite facies 
conditions (Barbero, 1992b; Barbero et al., 1995), and is separated from greenschist-facies Lower 
Paleozoic metasediments, and the intruding postkinematic granites, by an important ductile–brittle 
shear zone. This east–west extensional fracture cross-cuts the main metamorphic structures of the 
anatectic complex, and displays a low- to medium-grade mineral paragenesis (e.g., Hernández Enrile, 
1991; Barbero 1992b). 
Deformation features in the northern part of the Mora-Las Ventas pluton (in the contact with the 
shear zone) point to granite emplacement being related to the latest movements of this fracture 
(Barbero, 1992b; Barbero et al., 2005). Furthermore, the fact that the MTB intrusions configure an E–
W array suggests a tectonic control of granite generation and emplacement in this region. Accordingly, 
melting in the ACT occurred prior to post-tectonic MTB felsic magma generation and at crustal levels 
lower than the plutons emplacement depth. The exhumation of these high-grade rocks likely resulted 
from the involvement of late orogenic extensional structures, such as the one described above. The 
relatively younger monazite crystallisation ages of Villar del Pedroso and Torrico granites (303–298 
Ma), when compared with the age of migmatisation in the ACT, are in accordance with diachronism in 
the attainment of metamorphic peak conditions at the middle and lower crust. Equivalent age 
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differences have been found in the Spanish Central System between outcropping migmatites (337–330 
Ma; Bea et al., 2006; Castiñeiras et al., 2008) and Variscan granites derived from lower crustal levels 
(~305–298 Ma; Orejana et al., 2012b). These results also support that anatexis in the lower crust was 
probably a late Variscan event occurring during the exhumation of metamorphic core complexes 
(Barbero, 1992b; Castiñeiras et al., 2008). 
Figure 74. Variscan time scale with dated samples. Calculated mean intrusion ages by U–Th–Pb monazite 
dating have been obatined from rims in concentrically zoned monazites and homogeneous monazite grains. 
Blue squares represent the metamorphic age calculated from monazite xenomorphic cores or monazites 
with patchy zoning. U–Pb crystallisation age of magmatic zircons calculated from the mean 206Pb/238U date 
of each intrusion (Fig. 73). Number in parethesis corresponds to the nomenclature of the studied samples: 
(1) 106795; (2) 110049; (3) 110206; (4) 106821; (5) 106804; (6) 106810; (7) 110210; (8) 106796; (9) 
110331; (10) 110341. The small light yellow circle in type-2 granitoids represents the xenocrystic zircon 
age recorded in the Aldeanueva monzogranite (sample 110210; Fig. 73), similar to that found in the Azután 
granodiorite (sample 106821, type-1 granitoid; Fig. 73). The violet field representing the age of the ductile 
D2 deformation phase has been taken from data of Escuder-Viruete et al. (1998) and Valverde-Vaquero et 
al. (1995). The field of Variscan syn-D3 granites from the Central Iberian Zone (green area) is after Dias et 
al. (1998), Fernández-Suárez et al. (2000a), Valle-Aguado et al. (2005) and Carracedo et al. (2009). The 
empty rectangle represents the intrusion age of post-D3 granites from the Central Iberian Zone (after Valle-




V.4.ii.- Emplacement age of the Montes de Toledo batholith 
In recent years several works have tried to determine the intrusion age of the abundant felsic 
magmatism which characterises the inner zone of the Variscan Iberian Belt, mainly the Central Iberian 
Zone (CIZ), from NW Spain–northern Portugal to central Spain (e.g., Dias et al., 1998; Fernández-
Suárez et al., 2000a; Bea et al., 2006; Zeck et al., 2007b; Antunes et al., 2008, 2010; Neiva et al., 
2009; Solá et al., 2009; Díaz-Alvarado et al., 2011, 2013; Gutiérrez-Alonso et al., 2011; Orejana et al., 
2012b; Chicharro et al., 2013, 2014). These investigations are based on U–Pb geochronology of zircon 
crystals analysed by microanalytical techniques (SHRIMP or laser ablation–ICP-MS), together with 
other classical methods (e.g., TIMS). Their results clearly constrain the occurrence of this widespread 
magmatic event, which was initially studied using mainly Rb–Sr isochron methods, resulting in poorly 
reliable data (e.g., Serrano Pinto et al., 1987, and references therein). For example, large granitic 
intrusions from the Spanish Central System batholith were considered to represent a wide time span 
from 327 to 284 Ma (e.g., Villaseca et al., 1998b; Bea et al., 1999), whereas they are currently 
confined to ~311–298 Ma (Fig. 74; Zeck et al., 2007b; Díaz-Alvarado et al., 2011, 2013; Orejana et 
al., 2012b). 
Within central Spain, the only granite region which lacked precise geochronology studies is the 
Montes de Toledo batholith. The only attempt to date these Variscan felsic intrusions was a whole-
rock Rb–Sr isochron obtained from a post-orogenic granitic pluton emplaced in the eastern Montes de 
Toledo (the Mora-Las Ventas intrusion, 320 ± 8 Ma; Andonaegui, 1990). 
U–Pb zircon geochronology of the seven representative samples of the MTB reveals that the 
timing for the batholith formation lasted for about 19 Ma, with an approximate age range constrained 
between 316 and 297 Ma (Figs. 73, 74). Only the small intrusion of the Azután pluton provided an U–
Pb age older than 313 Ma (older than the age range estimated for the D3 Variscan phase, e.g., Dias et 
al., 1998), and can be considered as late-tectonic. Nevertheless, most granitoids from the Montes de 
Toledo batholith are post-tectonic with respect to the local late D3 tectono-metamorphic phase, 
showing a narrow emplacement age range from 310 to 297 Ma (Figs. 73, 74). These results are in 
agreement with the geochronological data obtained on monazite crystals from three W-MTB 
intrusions (from 314 to 298 Ma; Fig. 74), within analytical error. The time interval defined for the 
MTB formation implies a contemporaneous emplacement with respect to most late- to post-kinematic 
(regarding the last ductile deformation phase, D3) felsic magmatism in the Central Iberian Zone at the 
end of Carboniferous and Early Permian, including central and northern Portugal (314–296 Ma; Fig. 
74; Dias et al., 1998; Valle Aguado et al., 2005; Antunes et al., 2008, 2010; Gutiérrez-Alonso et al., 
2011), the Central Extremadura batholith (309–296 Ma; Carracedo et al., 2005; Gutiérrez-Alonso et 
al., 2011), the Los Pedroches batholith (314–304 Ma; Carracedo et al., 2009), the Nisa-Alburquerque 
batholith (309–306 Ma; Solá et al., 2009; Gutiérrez-Alonso et al., 2011), and the Spanish Central 
System batholith (313–298 Ma, Zeck et al., 2007b; Díaz-Alvarado et al., 2011, 2013; Orejana et al., 
2012b). Moreover, the recent geochronological data on syn- and late-D3 felsic intrusions of the Central 
Iberian Zone indicate that these magmas, though locally emplaced in successive magmatic events, are 
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separated by a short, virtually non-existent, time span if considered in the context of the whole Central 
Iberian Zone (Fig. 71; e.g., Valle Aguado et al., 2005; Carracedo et al., 2009). Diachronism of 
deformation within this extensive geological unit could explain the overlapping in the age of 
emplacement of syn- and post-D3 intrusions (Fig. 74). The intrusion of abundant felsic post-tectonic 
magmas in a short time span at the end of the Variscan collision is a main characteristic of the western 
European Variscides (mostly from 315 to 290; e.g., up to 290 Ma in the Velay dome of the French 
Massif Central, Ledru et al. 2001, and references therein; 312–305 Ma in the Pyrenees, Roberts et al. 
2000 and references therein; or up to 295 Ma in the Calabria-Peloritani Massif, Fiannacca et al. 2008 
and references therein; see compilation of Orejana et al., 2012b). 
The Aldeanueva pluton displays a bimodal zircon population of Variscan magmatic ages, with a 
young age representing the granite crystallisation at ∼301 Ma and the oldest zircon age being the same 
to that of the Azután granodiorite (316 Ma; Fig. 73). The Hf isotopic composition of both young and 
old zircons is similar and quite homogeneous (see chapter VI; Table 14), thus precluding isotopic 
disequilibrium or zircon inheritance from host-rocks. Considering that these two magmatic age 
populations are very close (there is a difference of ~15 Ma; Fig. 73), the incorporation of antecrystic 
zircons grown from the same magmatic system could be possible (e.g., Miller et al., 2007; Schaltegger 
et al., 2009). Nevertheless, the young and old Variscan ages are found both in cores and rims of 
different zircon grains, and never in the same crystal (Fig. 72E). Field relationships between the 
Azután and the Aldeanueva plutons evidence local magma mingling between them at their contacts. 
Although the studied samples are located far away from each other (at about 10 km; Figs. 2, 71B), 
closer vertical connection can not be discarded. In fact, the Hf isotopic composition of both Variscan 
zircon populations (the oldest from Aldeanueva and that from Azután) shows overlapping values (see 
chapter VI; Table 14). Slow cooling rates of the Azután pluton might explain a physical mingling with 
the younger (and therefore hotter) Aldeanueva pluton. Hence, it is more feasible that the old magmatic 
zircon population of the Aldeanueva pluton may represent xenocrystic zircons incorporated from the 
pre-emplaced Azután magmatic pulse at depth and, therefore, the involvement of some convective 
processes at pluton scale which distributed the mingled zircon population. 
The previous age obtained for the Mora-Las Ventas granite contrast markedly with that 
extracted in this work. Since this intrusion is clearly post-orogenic, the previous age of 320 Ma would 
imply a syn-tectonic character, thus the Rb–Sr isochron of Andonaegui (1990) does not likely 
represent the real granite intrusion age. In fact, there is not an important diachronism in the late 
Variscan magmatism between the eastern and western MTB segments. Nevertheless, in other Variscan 
sectors from central Spain (e.g., in the Spanish Central System batholith), there is a relative abundance 
of younger magmatic ages towards the east (ages older than 305 Ma are restricted to the western 
sector; Orejana et al., 2012b), suggesting a possible predominance of younger magmatic ages in the 
eastern segments of CIZ batholiths (e.g., Carracedo et al., 2009; Orejana et al., 2012b; Solá et al., 
2009). 
It is also interesting to note that the available studies on the geochronology of Variscan 




were emplaced latter than 315 Ma. On the contrary, felsic Variscan magmas from western and north-
western Iberian Peninsula have intruded in a wider time period (325–285 Ma; Fig. 74; e.g., Fernández-
Suárez et al., 2000a). Orejana et al. (2012b) noted that two age peaks of magmatic activity can be 
described in the Central Iberian Zone: 320 and 308 Ma, the latter being the most abundant. A possible 
implication of the above differences would be the occurrence of some kind of change in the 
geodynamic setting by approximately 315 Ma, which resulted in the generalised emplacement of late- 
to post-kinematic felsic magmas in the whole Central Iberian Zone. The recent comparison made by 
Orejana et al. (2012b) between ages of post-tectonic granites in the Central Iberian Zone and those 
from other western Variscan European massifs, would favour the occurrence of a change in the 
geodynamic setting in the western European Variscan Belt at the end of Carboniferous, which led to 
the widespread development of a protracted felsic magmatism in the Variscan orogen. 
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VI.- GRANITOID SOURCES  
VI.1.- Introduction 
Within intracontinental orogenic settings, most granitoids exhibit a peraluminous affinity (ACNK > 1; 
Bea et al., 2003; Sylvester, 1998; Villaseca et al., 1998a). The nature and origin of these felsic melts 
have been related to partial melting of siliciclastic metasediments (S-type granitoids) or metaigneous 
rocks (I-type granitoids) (Chappell, 1979; Chappell and White, 1974), or by mixing and/or 
hybridisation of mantle- and crustal-derived materials (e.g., Castro et al., 1999; Patiño Douce, 1999; 
Healy et al., 2004; Dias et al., 2002; Kemp et al., 2007). The absence of exposed mafic rocks in the 
studied area rules out the involvement of mantle-derived materials in the generation of the MTB 
granitoids and, therefore, implication of mainly middle to lower crustal sources. Although type-3 
granitoids bear mafic microgranular enclaves, their intermediate (tonalitic) composition suggests the 
unlikely possibility of a significant mixing process with mantle-derived magmas. In the neighbouring 
SCS batholith the basic magmatism represents a subordinate volume when compared to the coeval 
peraluminous melts, and these basic rocks are largely crustally-contaminated (e.g., Villaseca et al., 
2011b). A further feature suggesting crustal derivation for the MTB granitoids, together with their 
clearly S-type character and their high peraluminous degree (Figs. 3, 35), is their high initial Sr ratios 
and their relatively homogeneous negative ƐNd values (Fig. 40), quite different to those measured in 
coeval basic rocks from central Spain (Orejana et al., 2009; Villaseca et al., 1999, 2011b). 
Some recent studies have reported the Hf-isotope composition of zircon from CIZ granites, 
including northern Portugal (Teixeira et al., 2011) and the Spanish Central System (Villaseca et al., 
2012); these studies show slightly different results. The S-type granites from northern Portugal have 
zircons with a significant radiogenic Hf heterogeneity, which has been interpreted as a result of 
heterogeneous crustal sources or magma mixing (Teixeira et al., 2011). On the other hand, zircon from 
S- and I-type granites from the eastern SCS shows a more restricted range in ƐHf values which overlap 
those obtained in felsic lower crustal xenoliths, thus supporting a metaigneous nature for the granite 
types studied in that region (Villaseca et al., 2012). 
In this chapter, Lu–Hf isotopic analyses of magmatic and inherited zircons from selected granite 
samples of this batholith, previously dated by LA–ICP-MS (section V.3), are presented and discussed 
to discriminate the possible crustal sources involved in the generation of these granitoids (metaigneous 
vs metasediments). In this regard, these data are compared to Hf isotope signatures obtained in detrital 
zircons from Neoproterozoic-Cambrian metasediments of the Central Iberian Zone (CIZ), together 
with further Hf-isotope zircon data available from metasedimentary and metaigneous rocks of the CIZ. 
A discrimination on the provenances of the magmatic series is discussed in the following section on 
the basis of whole-rock and trace-element zircon composition. The LA–ICP-MS results are presented 
below. The combination of all these data is very useful to constrain the most plausible sources that 
generated the MTB magmatism. 
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VI.2.- Inferred crustal sources from whole-rock geochemical 
signatures 
In order to discriminate the granite protolith of each series, the major-element geochemistry of the 
studied granitoids is compared to that from melting experiments of different metamorphic rocks 
[metasedimentary: pelites (Vielzeuf and Holloway, 1988, Patiño Douce and Johnston, 1991) and 
greywackes (Vielzeuf and Montel, 1994); metaigneous: dacites (Conrad et al., 1988), tonalites (Singh 
and Johannes, 1996) and orthogneisses (Beard et al., 1993); and meta-basites: metabasalts (Ellis and 
Thompson, 1986) and amphibolites (Beard and Lofgren, 1991; Hacker, 1990)]. In the ACF plot (Fig. 
75) most type-1 and type-2 granitoids lie within the field of metasediments melting experiments, 
whereas those from type-3 series fall within the metaigneous field (partially overlapping the 
metasedimentary area), as do the S-type granitoids from the Spanish Central System. Type-1 
granitoids plot close to the compositional field of the restite-rich para-autochthonous Layos 
granodiorites from the Anatectic Complex of Toledo (Fig. 75). In fact, these granitoids follow similar 
evolution trends as those representing melt-restite mixing in a pelite system (Barbero and Villaseca, 
1992; Patiño Douce, 1999; Rossi et al., 2002), according to their high ferromagnesian whole-rock 
components (Figs. 36, 75). Some authors consider that the chemical evolution of similar highly 
peraluminous granitoids is only derived by the selective entrainment of peritectic and accessory 
minerals (such as garnet and zircon; e.g., Stevens et al., 2007; Villaros et al., 2009). This idea would 
be in accordance with the restitic character of garnet and some cordierite crystals from type-1 
granitoids (Figs. 6, 19, see also chapter IV.4.iii). Nevertheless, it is not inconsistent with the model 
that restite entrainment or restite unmixing also influenced the geochemical evolution of these melts 
(e.g., Barbero and Villaseca, 1992; Barbero et al., 1995), given the high amount of restitic material 
present in those series (Fig. 5). 
The W-MTB granitoids range from 68.3 to 74.5 wt. % SiO2, defining a nearly continuous trend 
of decreasing FeO, MgO, TiO2, Al2O3, MnO and CaO, and increasing P2O5 contents (Fig. 36). It is 
remarkable that the CaO and P2O5 contents are lower and higher, respectively, in the W-MTB granites 
when compared with S-type granites from the E-MTB and SCS (Fig. 36). Partial melting experiments 
on diverse crustal rocks reveal that both calcium and mafic contents progressively increase with the 
temperature of the partial melting event (e.g., Vielzeuf and Holloway, 1988; Holtz and Johannes, 
1991; Clemens, 2006). The three granitoid types of the Montes de Toledo batholith display quite 
different CaO contents (<1.7 wt.% for type-1, 2.1–2.5 wt.% for type-2, and 3.1–3.5 wt.% for type-3 
granitoids) for the same maficity values (Figs. 36, 76; Table 1), suggesting the involvement of distinct 
sources for the genesis of each granitoid series, a heterogeneous source area, or insufficient time to 
homogenise the different magma batches at similar stagnation levels. Moreover, the distinct Ba, Rb 
and Sr trends shown by each granitic suite (Figs. 37, 42) reveal that they followed contrasting 









Figure 75. ACF diagram (A = Al2O3–Na2O–K2O, C = CaO, F = FeOt+MgO; in molecular proportions), 
plotting the composition of the studied granites compared to that from different experimental melts 
(metapelites, metaigneous, meta-basites; key symbols are shown within top-left inset). It is also plotted 
the compositional fields of the S-type granitoids from the SCS batholith (dotted line field; Villaseca et 
al., 1999) and the Layos restite-rich granodiorites from the Anatectic Complex of Toledo (ACT, dashed 
line field; Andonaegui, 1990; Barbero, 1992b; Barbero et al., 1995) for comparison. References 
regarding the melting experiments are detailed in the text. See text for further explanation.  
 
 
When comparing the composition of the MTB granites to those of experimental petrology 
(Figures 75 and 76), it results evident that a meta-basite protolith is highly unlikely as source rock of 
these magmas, mainly due to their low CaO and Al2O3/TiO2 ratios, and their high K2O (and P2O5) 
contents. Therefore, a metasedimentary and/or a metaigneous source are suggested. Although it is 
difficult to discriminate between both protoliths, it can be recognised that in most diagrams granitoids 
from the western segment of the batholith (types-1 and -2) define similar trends to those of metapelitic 
experimental melts (Figs. 75, 76). On the contrary, type-3 granitoids from the eastern MTB mainly 
plot following trends more akin to those partial melts of metaigneous derivation (Fig. 76). 











The common presence of restitic enclaves in type-1 and type-2 granitoids, together with their 
positive peraluminous trends shown in the A-B diagram (Figs. 3, 77), are consistent with their 
derivation from a metasedimetary source (e.g., Chappell, 1979; Chappell et al., 1987; Villaseca et al., 
1998a). In fact, type-1 granitoids plot within the compositional field of pelites (Fig. 77) and follow 
evolution trends similar to those described in pelite-derived experimental melts (e.g., Vielzeuf and 
Holloway, 1988), and from partial melting experiments at different temperatures of the Schist-
Greywacke Complex (Fig. 77; Fernández et al., 2008). Similar positive trends in the A-B plot have 
also been observed in restite-rich granitoids from the Anatectic Complex of Toledo (e.g., the Layos 
granodiorite; Fig. 3; Villaseca et al., 1998a) and in other S-type granites worldwide (e.g., the Cooma 
serie; Chappell et al., 1991; the Velay anatectic granite; Williamson et al., 1997; see Figure 3 of 
Villaseca er al, 1998a). These type-1 granitoids are probably not much geochemically evolved in 
Figure 76. Major-element composition of the studied MTB granites 
compared to that from melting experiments of different metamorphic rocks 
as geochemical discriminators of different protoliths. References regarding 




comparison to their parental protolith, and their composition would be close to their source materials 
(Chappell, 1979). The similitude of types-1 and -2 granitoids when compared to melts derived from 
partial melting of the Schist-Greywacke Complex metasediments at high and low temperatures, 
respectively, suggests that the temperature of melting could be the responsible of their contrasted 
peraluminousity (Fig. 77), and that the source involved might be quite similar. Alternatively, given the 
similar calculated temperatures in types-1 and -2 granitoids, the major incorporation of 
restitic/peritectic source material might give rise to a higher peraluminousity of these restite-rich 






The presence of a huge volume of perphosphorous granitoids in the W-MTB advocates to highly 
peraluminous and P-rich metasedimentary sources, such are the metasediments of the Schist-
Greywacke Complex (SGC) (Fig. 78; Rodríguez-Alonso et al., 2004; Villaseca et al., 2014a). In the 
W-MTB, the perphosphorous character of type-2 granitoids is also reflected in the high P2O5 contents 
of their feldspars (up to 0.92 wt.%; Fig. 12) and in almost all rock-forming minerals (Figs. 16, 25, 28, 
32). In fact, most of the perphosphorous granitoids from the CIZ are confined to the Schist–
Greywacke Complex (Albalá, Alburquerque, Cabeza de Araya, Gata, Jálama, Trujillo, W-MTB; see 
Fig. 1 for location). These metasediments are the formation richest in dispersed phosphate nodules and 
show the most elevated P concentrations of the whole CIZ (Fig. 78; Rodríguez-Alonso et al., 2004; 
Villaseca et al, 2014a). Nevertheless, some perphosphorou plutons are also found in the northern part 
of the CIZ (i.e., the Pedrobernardo pluton and the Tormes Dome; Bea et al., 1994a; López Plaza and 
Figure 77. A-B diagram (Debon and LeFort, 
1983; modified from Villaseca et al., 1998a) 
showing the contrasting peraluminous granitoid 
trends defined for the MTB granitoids (types 1 
to 3). The compositional fields of diverse 
protoliths (pelites/metaigneous) are also shown 
for comprison (Villaseca et al., 1998a, b, and 
references therein). Fields of partial melting 
experiments at low (1100–1000 ºC) and high 
temperature (1200 ºC) of schit-greywacke 
mixtures from the Schist-Greywacke Complex 
(SGC) are taken from Fernández et al. (2008). 
Peraluminous fields are as in Figure 3. 
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López Moro, 2003, respectively), but the most fractionated leucogranites show neither a marked 
perphosphorous trend nor any associated P-rich pegmatite fields as in the southern areas of the CIZ 
(e.g., the P-rich granite pegmatites emplaced in the Pedroso de Acim and El Trasquilón granite 
cupolas; Gallego, 1992; and also in the Alburquerque and Belvís de Monroy plutons: London et al. 
1999; IGME, 1987; Merino et al., 2013a; see location in Fig. 1). According to the current data, the 
strongly peraluminous granites from the southern half of the CIZ shape the main P-rich pluton 
concentration of the whole Iberian Variscan Belt. On the contrary, the P2O5 and CaO concentrations 
and the evolution trends of type-3 granitoids are quite similar to those found in metaigneous rocks 
(augen orthogneisses) from the Spanish Central System (Fig. 78), reinforcing again the minor role of 








Whole-rock isotopic signatures are robust data in discriminating granite sources. The large 
87Sr/86Sr initial isotopic ratios shown by W-MTB granitoids (0.7060 to 0.7228; Table 2) contrast with 
the short variation found in type-3 E-MTB granitoids (87Sr/86Sr300 from 0.7107 to 0.7138; Fig. 79; 
Table 2 and Villaseca et al., 1998b). These geochemical and isotopic heterogeneities in types-1 and -2 
granitoids likely reflect the inherited composition of heterogeneous (metasedimentary-like) sources 
(e.g., Deniel et al., 1987; Pressley and Brown, 1999; Clemens and Stevens, 2012). As noticed by 
Villaseca et al. (2014), a wide isotopic composition is typical of the SGC metasediments from the 
southern CIZ (87Sr/86Sr300 from 0.7104 to 0.7383; Fig. 79). This would suggest a major contribution of 
the SGC metasediments in the genesis of W-MTB granitoids.  
 
 
Figure 78. P2O5 vs CaO variation diagram 
of the MTB granitoids compared to 
hypothetical protoliths: SGC metasediments 
(S-CIZ, green field; taken from Beetsma, 
1995, Rodríguez-Alonso et al., 2004; 
Ugidos et al., 1997, 2010; Villaseca et al., 
2014a, and references therein); SCS 
Neoproterozoic metasedimentss (N-CIZ, in 
grey; data from Beetsma, 1995; Villaseca et 
al., 2014a); SCS metaigneous rocks (dotted 
line area; taken from Villaseca et al., 

















More significant similarities appear when comparing the ƐNd300 values of both type-1 and type-
2 granites with those of the CIZ metasediments. The mean ƐNd300 value of most type-1 and type-2 
granodiorites to monzogranites (–5.4 and –5.7, respectively) is quite close to that of the SGC 
metasediments (–5.1) (Fig. 79; Table 2). In fact, if the ƐNd300 values of the most felsic type-2 granites, 
which present the highest isotope variation, are excluded, this mean value is even more similar (–5.6; 
Fig. 79; Table 2). The possibility that the W-MTB granites are derived from the SGC metasediments is 
also suggested by their similar mean Nd model ages (1354 and 1397 Ma for types-1 and -2 granitoids, 
respectively, and 1409 Ma for the SGC metasediments from the Southern Central Iberian Zone; data 
taken from Beetsma, 1995; Rodríguez-Alonso et al., 2004; Ugidos et al., 1997; and Villaseca et al., 
2014a). 
Figure 79. Sr–Nd isotopic composition of the MTB granitoids (calculated at 300 Ma; Table 2, 
including data from Villaseca et al., 1998b). Mean ƐNd300 values of MTB granitoids were 
calculated using granodioritic to monzogranitic granitoid varieties that show the lowest Sr–Nd 
isotope variation. The field of isotopic composition for the SGC metasediments from the S-CIZ is 
taken from Beetsma (1995), Rodríguez-Alonso et al. (2004), Ugidos et al. (1997) and Villaseca et 
al. (2014a); the field for N-CIZ metasediments from Villaseca et al. (1998b, 2014a); and the field 
of SCS metaigneous (orthogneisses) rocks from Castro et al. (1999) and Villaseca et al. (1998b). 
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However, type-1 granitoids exhibit several significant differences with respect to type-2 series: 
i) high metals (Fe, Mg, Ni) and Y-REE contents, ii) distinct evolution/differentiation trends (Figs. 36, 
37, 39, 76; Table 1), and iii) higher initial Sr isotope ratios and strongly negative ƐNd300 values in 
some of the most mafic and peraluminous facies (Fig. 79; Table 2). These latter signatures suggest the 
involvement of two isotopically distinct crustal protoliths, or a multiple source component, as 
interpreted in other S-type granitoids (e.g., Champion and Bultitude, 2013). The Sr–Nd isotope 
composition of the extremely high type-1 peraluminous samples (Fig. 79; Table 2) matches that of the 
northern Central Iberian Zone metasediments (Fig. 79; Villaseca et al., 1998b, 2014a). In addition, the 
Nd TDM values of those granitoid samples (Table 2) are coincident with the Nd protolith age range of 
the N-CIZ metasediments (Nd TDM ages between 1590 and 2033 Ma; Villaseca et al., 2014a). It is 
worthwhile to highlight that the Neoproterozoic metasediments from the northern Central Iberian Zone 
(N-CIZ sequences) are enriched in metals and Y-REE, being more depleted in P2O5 (Villaseca et al., 
2014a), as do type-1 granitoids (Figs. 36, 39, 78; Table 1). Therefore, the bulk rock composition and 
the isotope heterogeneity of type-1 granitoids must be inherited from multiple terrigenous sources, and 
may imply a mixed contribution from both the S-CIZ and N-CIZ metasediments (Merino Martínez et 
al., 2014).  
On the contrary, the geochemistry of type-3 granitoids suggests the contribution of a 
metaigneous protolith (Figs. 75-78; Villaseca et al., 2008b; Merino Martínez et al., 2014). Similar 
whole-rock patterns as those of type-3 granites are found in S-type Variscan granitoids from the 
Spanish Central System, which are interpreted as derived from metaigneous lower crustal sources 
(Fig. 3, 36, 37, 38, 39; Villaseca et al., 1999; Orejana et al., 2012b; Villaseca et al., 2012). The lower 
peraluminousity and the higher Ca-Na-Sr contents of type-3 granitoids (Figs. 3, 36, 37) are 
inconsistent with the exclusive involvement of a metapelite source and likely suggest that a major (Ca-
Na)-feldspar-rich component was involved in the melting process (Miller, 1985). In fact, these 
granitoids follow the same evolution trends as those found in experimental peraluminous melts 
derived from metaigneous rocks (Figs. 75, 76; Holtz and Johannes, 1991; Patiño Douce and Beard, 
1995). Furthermore, the most evolved type-3 granites show a strongly negative Eu anomaly (Fig. 39), 
not shown even in the most evolved leucogranites of the W-MTB (i.e., the Belvís pluton). This feature 
is also characteristic of S-type peraluminous granitoids from the SCS (Fig. 39; Villaseca et al., 1998b) 
and probably also suggests different fractionation degrees involving a main feldspar component (see 
section VI.4.iv). It is important to point out that type-3 granitoids display a quite homogeneous Nd 
isotope composition and that their whole-rock mean ƐNd300 values are fairly similar to those of the 
outcropping SCS orthogneisses (ƐNd300 values of –6.4 and –6.3, respectively; Fig. 79). In fact, the 
whole-rock Nd protolith
 
ages of type-3 granitoids overlap the Nd TDM mean age of these Ordovician 
metaigneous rocks (mean Nd TDM ages of 1546 and 1557 Ma, respectively). All these features indicate 
that type-3 granitoids could be derived from deep-seated Ordovician peraluminous metaigneous 





The only Pb isotopic analysis of a granite sample from the western MTB segment shows the 
lowest isotopic ratios when compared to other peraluminous S-type granites from adjacent areas (Fig. 
80). These low Pb isotopic ratios are close to the field of outcropping metamorphic rocks from the CIZ 
(in the Spanish Central System, SCS) and also to the composition of slates from the Schist-Greywacke 
Complex (SCGwr sample of Fig. 80). On the other hand, the Pb isotopic ratios of the SCS and eastern 
MTB peraluminous granites resemble the values of lower crustal metaigneous granulites, and contrast 
with the above results for the type-2 MTB samples. In this regard, the Pb isotope signatures of type-3 
MTB granitoids would support a genetic relationship with respect to metaigneous sources, similarly to 
what has been proposed for peraluminous granites from the Spanish Central System batholith 












Figure 80. Lead isotopic ratios of K-feldspars 
from S-type granites of the W-MTB and the 
SCS batholith: A) 206Pb/204Pb vs 207Pb/204Pb. 
B) 206Pb/204Pb vs 208Pb/204Pb. It is also shown 
the field for the SCS lower-crustal granulites 
(Villaseca et al., 2007) and the outcropping 
metamorphic rocks from the Spanish Central 
System (field taken from Villaseca et al., 
2008b). Age-corrected radiogenic Pb ratios for 
whole-rock analyses of a slate from the Schist 
-Greywacke Complex and a granite sample 
from the E-MTB are also included (SGCwr 
and E-MTBwr, respectively). 
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VI.3.- Lu–Hf isotope zircon composition 
The Lu–Hf isotope zircon composition has been determined by LA-ICP-MS in those zircon domains 
selected for U–Pb geochronology (chapter V.3). The location of the samples is shown in Figure 72. 
The initial zircon Hf isotopic ratios have been calculated using the mean 206Pb/238U Variscan age 
obtained for the corresponding intrusion and the measured U–Pb spot age for inherited zircon grains 
(207Pb/206Pb ages for grains older than 1.0 Ga and 206Pb/238U ages for younger grains). The results, 
listed in Table 14, are detailed as follows: 
Type-1 granitoids: Azután restite-rich granodiorite (sample 106821) 
Magmatic zircons from the Azután granodiorite (calculated at 316 Ma; Fig. 73) have 176Hf/177Hf ratios 
from 0.28241 to 0.28252 (ƐHf from –6.3 to –2.5) and TDMC ages from 1.67 to 1.43 Ga (Figs. 81A, B, 
82; Table 14). The calculated whole-rock Nd model age of this intrusion (1.31 Ga; Table 2) is slightly 
younger than the Hf TDMC range obtained in the magmatic zircons (Fig. 82; Table 14). 
All the Cryogenian and one Ediacaran zircon present juvenile ƐHf (from +2.2 to +9.7; Fig. 81B) 
with relatively young TDMC (1.03–1.40 Ga; Table 14), whereas the rest of analysed inherited zircons 
(five Neoproterozoic – four Ediacaran and one Tonian – and three Paleoproterozoic) show a more 
evolved Hf-isotope composition and older TDMC: Neoproterozoic zircons with ƐHf  from –23.0 to –5.0 
(Fig. 81B) and TDMC = 2.89–1.90 Ga (Table 14); and Paleoproterozoic zircons yielding ƐHf of –9.1 
and –4.6, and TDMC ages of 3.30 Ga and 2.73 Ga, respectively (Fig. 81B; Table 14). 
 
Type-2 granitoids 
Belvís de Monroy leucogranite (sample 106796) 
The initial 176Hf/177Hf ratios of magmatic zircons (at 310 Ma) range from 0.28238 to 0.28261 (Fig. 
81A), corresponding to ƐHf values varying from –7.5 to +0.7 (Fig. 81B), and TDMC from 1.74 to 1.23 
Ga (Table 14). These latter crustal residence ages are slightly younger than the whole-rock Nd 
depleted mantle model age (1.80 Ga; Fig. 82). 
A juvenile ƐHf value is found in a Neoproterozoic zircon (+8.5; Fig. 81B), which gives a young 
TDMC age (1.00 Ga; Table 14), whereas a concordant Cambrian zircon presents a ƐHf close to CHUR 
values (–0.5; Fig. 81B), with an older TDMC age (1.48 Ga; Fig. 82; Table 14). 
 
Navalmoral de la Mata monzogranite (sample 106804) 
Initial 176Hf/177Hf ratios of magmatic zircons (307 Ma) are in the range from 0.28242 to 0.28256, 
which are equivalent to ƐHf values from –6.1 to –1.3 (Figs. 81A, B). The whole-rock Nd model age 
(1.30 Ga; Table 2) is slightly younger than the TDMC range obtained in Variscan zircons (from 1.65 to 




The initial ƐHf of a Paleoproterozoic (2091 Ma) xenocryst shows a slightly negative value of –
1.5, which contrast with the more radiogenic ƐHf of a Mesoproterozoic (1594 Ma) zircon (+7.1; Fig. 
81B). These distinct ƐHf values also correspond to different TDMC protolith ages: 2.74 and 1.83 Ga, 
respectively (Table 14). 
 
Peraleda de San Román monzogranite (sample 106810) 
Magmatic zircons have initial 176Hf/177Hf ratios from 0.28239 to 0.28248 (at 304 Ma) with ƐHf values 
from –7.3 to –3.9 (Figs. 81A, B) and restricted TDMC ages from 1.72 to 1.51 Ga (Table 14), 
considerably older than the Nd model age (1.24 Ga; Fig. 82). 
Most Ediacaran (from 632 to 540 Ma) zircons give juvenile ƐHf values ranging from +1.6 to 
+7.0 (initial 176Hf/177Hf ratios from 0.28247 to 0.28263; Figs. 81A, B; Table 14). Their model ages are 
younger (TDMC from 1.38 to 1.03 Ga) than those from Variscan zircons (Table 14). The youngest 
Paleoproterozoic (1875 Ma) zircon also yields (176Hf/177Hf)I of 0.28166 and a positive ƐHf (+2.6) 
(Figs. 81A, B), with a TDMC of 2.33 Ga (Table 14). However, the rest of pre-Variscan zircons show a 
less radiogenic Hf-isotope composition (ƐHf from –20.2 to –3.9; Fig. 81B) and TDMC ages constrained 
between 2.67 and 1.95 Ga. The oldest inherited Paleoproterozoic (2305–2048 Ma) zircons were 
extracted from the most ancient crust (TDMC from 3.54 to 3.47 Ga). 
 
Aldeanueva de Barbarroya monzogranite (sample 110210) 
Both the oldest (316 Ma) and youngest (301 Ma) magmatic zircon populations of this pluton yield 
similar negative initial ƐHf values (Table 14), though the oldest group present a more restricted range 
(ƐHf from –5.4 to –4.0, (176Hf/177Hf)I from 0.28243 to 0.28247 and TDMC from 1.62 to 1.53 Ga) than 
the youngest one (initial 176Hf/177Hf ratios from 0.28238 to 0.28253, ƐHf values from –7.6 to –2.3, and 
crustal model ages from 1.74–1.41 Ga; Figs. 81A,B; Table 14). These latter zircon model ages are in 
agreement with the whole-rock Nd model age of this sample (1.42 Ga; Fig. 82; Table 2). 
Two distinct groups of Neoproterozoic zircons can be distinguished based upon their Hf-isotope 
signature: i) juvenile Cryogenian and Ediacaran zircons with positive ƐHf (from +0.9 to +8.9; Fig. 
81B) and TDMC ages from 1.41 to 1.11 Ga (Table 14); and ii) Ediacaran zircons with negative ƐHf 
(from –12.9 to –4.8; Fig. 81B) and older TDMC ages (from 2.25 to 1.77 Ga; Table 14). The Neoarchean 
(2712–2621 Ma) zircons present a similar Hf isotopic composition, with negative ƐHf (–3.0 and –0.9; 
Fig 81B) and quite old Hf crustal model ages (3.31 and 3.11 Ga, respectively; Table 14). 
 




Figure 81. Initial 176Hf/177Hf isotopic ratios (A) and ƐHf values (B) of magmatic and 




Mora-Las Ventas monzogranite (sample 110331) 
The (176Hf/177Hf)I ratios of magmatic zircons from this intrusion (calculated at 308 Ma) range from 
0.28237 to 0.28248 (Fig. 81A), with ƐHf from –7.9 to –3.9 (Fig. 78B) and TDMC ages between 1.76 and 
1.51 Ga (Table 14). The whole-rock Nd model age (1.63 Ga; Table 2) is within the range of these 
zircon protolith ages (Fig. 82). 
The Neoproterozoic inherited zircons of the Mora-Las Ventas monzogranite present a broadly 
variable Hf isotopic composition, with ƐHf values from –17.7 to +4.5 (Fig. 81B) and Hf model ages 
from 2.67 to 1.38 Ga (Table 14). On the contrary, the Ordovician zircons present a narrow ƐHf range 





Madridejos monzogranite (sample 110341) 
The (176Hf/177Hf)I of the magmatic zircons, calculated at the crystallisation age of the pluton (297 Ma), 
vary from 0.28236 to 0.28253 (Fig. 81A), which corresponds to ƐHf from –8.4 to –2.5 (Fig. 81B) and 
TDMC ages between 1.78 and 1.42 Ga (Table 14). The whole-rock Nd model age (1.58 Ga; Fig 82; 
Table 2) is well within the range of Hf crustal residence ages. 
The Hf-isotope composition of the only inherited Neoproterozoic (555 Ma) zircon yields an 
initial 176Hf/177Hf ratio of 0.28204, equivalent to a ƐHf of –13.8, and an old protolith age of 2.31 Ga 



































Figure 82. Hf crustal model ages (Hf TDMC) histogram for Variscan-age zircons of the 
different MTB granitoids types (vertical bars). The whole-rock Nd model ages (Nd 
TDM) for the MTB granitoids are shown as horizontal bars (in the upper inset). Upside 
down triangles represent the mean Nd TDM values of each lithology described above. 
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Table 14. Lu–Hf isotope data of zircon from the studied MTB granitoids. 
No. Analysis 176Hf/177Hf 1σ 176Lu/177Hf 176Yb/177Hf Age (Ma) (
176Hf/177Hf)t 2σ ƐHft TDM TDMC 
Azután granodiorite (106821) 
8 0.282439 0.000011 0.00041 0.0212 316 0.282437 0.000022 -5.3 1.12 1.61 
11 0.282433 0.000015 0.00064 0.0417 316 0.282429 0.000030 -5.6 1.14 1.62 
16 0.282512 0.000018 0.00062 0.0401 316 0.282508 0.000036 -2.8 1.03 1.45 
31 0.282455 0.000012 0.00067 0.0432 316 0.282451 0.000024 -4.8 1.11 1.58 
38 0.282449 0.000014 0.00060 0.0342 316 0.282445 0.000028 -5.0 1.11 1.59 
41 0.282461 0.000011 0.00081 0.0492 316 0.282456 0.000022 -4.6 1.10 1.57 
45 0.282413 0.000020 0.00067 0.0407 316 0.282409 0.000040 -6.3 1.16 1.67 
47 0.282440 0.000013 0.00043 0.0244 316 0.282437 0.000026 -5.3 1.12 1.61 
48 0.282523 0.000014 0.00106 0.0596 316 0.282517 0.000028 -2.5 1.02 1.43 
54 0.282443 0.000024 0.00067 0.0431 316 0.282439 0.000048 -5.2 1.12 1.60 
42 0.282203 0.000021 0.00106 0.0734 564 0.282192 0.000042 -8.4 1.47 1.99 
50 0.281783 0.000016 0.00120 0.0790 580 0.281770 0.000032 -23.0 2.05 2.89 
57 0.281974 0.000020 0.00072 0.0418 600 0.281966 0.000040 -15.6 1.77 2.45 
9 0.282227 0.000010 0.00077 0.0398 612 0.282218 0.000020 -6.4 1.42 1.90 
56* 0.282533 0.000026 0.00196 0.1159 614 0.282510 0.000052 4.0 1.03 1.26 
24 0.282452 0.000014 0.00098 0.0490 643 0.282440 0.000028 2.2 1.12 1.40 
61 0.282516 0.000035 0.00200 0.1159 649 0.282492 0.000070 4.1 1.06 1.28 
65 0.282589 0.000015 0.00144 0.0951 693 0.282570 0.000030 7.9 0.94 1.08 
37 0.282492 0.000013 0.00171 0.0991 738 0.282468 0.000026 5.3 1.08 1.28 
17 0.282582 0.000008 0.00060 0.0349 769 0.282573 0.000015 9.7 0.93 1.03 
14 0.282091 0.000011 0.00188 0.0935 926 0.282058 0.000022 -5.0 1.66 2.06 
26 0.281502 0.000017 0.00053 0.0309 1837 0.281484 0.000034 -4.6 2.39 2.73 
33 0.281161 0.000013 0.00147 0.0829 2235 0.281099 0.000026 -9.1 2.92 3.30 
02* 0.280913 0.000014 0.00053 0.0340 2304 0.280890 0.000028 -14.9 3.18 3.70 
Belvís leucogranite (106796) 
2 0.282546 0.000044 0.00080 0.0248 311 0.282541 0.000088 -1.7 0.98 1.38 
3 0.282613 0.000031 0.00059 0.0189 311 0.282610 0.000062 0.7 0.89 1.23 
5 0.282380 0.000038 0.00046 0.0148 311 0.282377 0.000076 -7.5 1.20 1.74 
6 0.282474 0.000018 0.00052 0.0169 311 0.282471 0.000036 -4.2 1.08 1.54 
8 0.282494 0.000018 0.00053 0.0169 311 0.282491 0.000036 -3.5 1.05 1.49 
12 0.282470 0.000017 0.00082 0.0257 311 0.282465 0.000034 -4.4 1.09 1.55 
30 0.282507 0.000024 0.00077 0.0215 311 0.282503 0.000048 -3.1 1.04 1.47 
10 0.282446 0.000020 0.00112 0.0340 533 0.282435 0.000040 -0.5 1.13 1.48 
22 0.282635 0.000027 0.00093 0.0247 637 0.282624 0.000054 8.5 0.86 1.00 
Navalmoral monzogranite (106804) 
2 0.282514 0.000024 0.00068 0.0214 307 0.282510 0.000048 -2.9 1.03 1.45 
4 0.282484 0.000018 0.00023 0.0068 307 0.282483 0.000036 -3.9 1.05 1.51 
5 0.282558 0.000019 0.00047 0.0147 307 0.282555 0.000038 -1.3 0.96 1.35 
9* 0.282508 0.000023 0.00057 0.0182 307 0.282505 0.000046 -3.1 1.03 1.47 
10* 0.282517 0.000027 0.00064 0.0191 307 0.282513 0.000054 -2.8 1.02 1.45 
11 0.282501 0.000022 0.00066 0.0211 307 0.282497 0.000044 -3.3 1.04 1.48 
13* 0.282537 0.000018 0.00062 0.0199 307 0.282533 0.000036 -2.1 0.99 1.40 
15 0.282428 0.000018 0.00105 0.0313 307 0.282422 0.000036 -6.0 1.16 1.65 
16* 0.282506 0.000022 0.00074 0.0216 307 0.282502 0.000044 -3.2 1.04 1.47 
19 0.282488 0.000018 0.00079 0.0256 307 0.282483 0.000036 -3.8 1.06 1.51 
20* 0.282437 0.000027 0.00069 0.0210 307 0.282433 0.000054 -5.6 1.13 1.62 
28 0.282461 0.000040 0.00071 0.0222 307 0.282457 0.000080 -4.8 1.10 1.57 
30 0.282468 0.000048 0.00056 0.0155 307 0.282465 0.000096 -4.5 1.09 1.55 
34* 0.281994 0.000110 0.00080 0.0220 1594 0.281970 0.000220 7.1 1.74 1.83 
27 0.281441 0.000060 0.00089 0.0206 2091 0.281406 0.000120 -1.5 2.50 2.74 
Peraleda monzogranite (106810) 
1 0.282439 0.000016 0.00059 0.0194 303 0.282436 0.000032 -5.6 1.13 1.62 
3 0.282420 0.000019 0.00015 0.0053 303 0.282419 0.000038 -6.2 1.14 1.65 
4 0.282471 0.000016 0.00094 0.0322 303 0.282466 0.000032 -4.6 1.09 1.55 
6 0.282447 0.000017 0.00085 0.0263 303 0.282442 0.000034 -5.4 1.12 1.60 
11 0.282491 0.000019 0.00122 0.0374 303 0.282484 0.000038 -3.9 1.07 1.51 
19 0.282426 0.000026 0.00095 0.0308 303 0.282421 0.000052 -6.1 1.15 1.65 
24 0.282455 0.000013 0.00096 0.0303 303 0.282450 0.000026 -5.1 1.11 1.59 
27 0.282394 0.000018 0.00113 0.0382 303 0.282388 0.000036 -7.3 1.21 1.72 
28 0.282468 0.000014 0.00042 0.0139 303 0.282466 0.000028 -4.6 1.08 1.55 
30 0.281899 0.000027 0.00093 0.0273 515 0.281890 0.000054 -20.2 1.88 2.67 
15 0.282650 0.000018 0.00201 0.0655 561 0.282629 0.000036 7.0 0.87 1.03 




Table 14 (Continued). 
No. Analysis 176Hf/177Hf 1σ 176Lu/177Hf 176Yb/177Hf Age (Ma) (
176Hf/177Hf)t 2σ ƐHft TDM TDMC 
Peraleda monzogranite (106810) 
31 0.282230 0.000018 0.00191 0.0613 572 0.282210 0.000036 -7.6 1.46 1.95 
7 0.282602 0.000022 0.00133 0.0379 573 0.282588 0.000044 5.8 0.92 1.12 
2 0.282482 0.000011 0.00152 0.0475 577 0.282465 0.000022 1.6 1.09 1.38 
14 0.282523 0.000017 0.00089 0.0256 632 0.282512 0.000034 4.5 1.02 1.25 
21 0.281997 0.000016 0.00085 0.0271 894 0.281983 0.000032 -8.4 1.74 2.24 
22 0.282053 0.000022 0.00066 0.0205 1001 0.282040 0.000044 -3.9 1.66 2.05 
16 0.281692 0.000012 0.00089 0.0249 1875 0.281660 0.000024 2.6 2.16 2.33 
13 0.281062 0.000028 0.00059 0.0182 2048 0.281039 0.000056 -15.5 2.98 3.54 
8 0.281029 0.000058 0.00072 0.0198 2305 0.280997 0.000116 -11.0 3.04 3.47 
Aldeanueva monzogranite (110210) 
21 0.282523 0.000020 0.00249 0.0839 302 0.282509 0.000040 -3.0 1.06 1.46 
25 0.282393 0.000015 0.00196 0.0584 302 0.282382 0.000030 -7.5 1.23 1.74 
27 0.282462 0.000012 0.00183 0.0580 302 0.282452 0.000024 -5.1 1.13 1.58 
28 0.282534 0.000019 0.00060 0.0186 302 0.282531 0.000038 -2.3 1.00 1.41 
30 0.282484 0.000014 0.00079 0.0232 302 0.282480 0.000028 -4.1 1.07 1.52 
7 0.282440 0.000026 0.00111 0.0312 319 0.282433 0.000052 -5.3 1.14 1.61 
9 0.282475 0.000014 0.00121 0.0320 319 0.282468 0.000028 -4.1 1.09 1.54 
14 0.282476 0.000021 0.00056 0.0168 319 0.282473 0.000042 -4.0 1.07 1.53 
16 0.282434 0.000016 0.00048 0.0135 319 0.282431 0.000032 -5.4 1.13 1.62 
3 0.282085 0.000023 0.00080 0.0214 547 0.282077 0.000046 -12.9 1.62 2.25 
5 0.282472 0.000022 0.00123 0.0373 558 0.282459 0.000044 0.9 1.10 1.41 
13 0.282297 0.000016 0.00077 0.0212 572 0.282289 0.000032 -4.8 1.33 1.77 
23 0.282563 0.000025 0.00081 0.0258 619 0.282554 0.000050 5.6 0.96 1.16 
8 0.282535 0.000021 0.00093 0.0229 814 0.282521 0.000042 8.9 1.00 1.11 
6 0.282418 0.000018 0.00118 0.0319 827 0.282400 0.000036 4.9 1.17 1.37 
19 0.281098 0.000025 0.00044 0.0131 2621 0.281076 0.000050 -0.9 2.92 3.11 
11 0.280982 0.000023 0.00052 0.0153 2712 0.280955 0.000046 -3.0 3.08 3.31 
Mora-Las Ventas monzogranite (110331) 
3 0.282440 0.000011 0.00202 0.0561 308 0.282428 0.000022 -5.8 1.17 1.63 
4 0.282420 0.000011 0.00150 0.0414 308 0.282411 0.000022 -6.4 1.18 1.67 
11 0.282423 0.000015 0.00224 0.0652 308 0.282410 0.000030 -6.4 1.20 1.67 
16 0.282387 0.000015 0.00183 0.0483 308 0.282376 0.000030 -7.6 1.24 1.74 
17 0.282406 0.000021 0.00114 0.0302 308 0.282399 0.000042 -6.8 1.19 1.69 
18 0.282450 0.000015 0.00118 0.0328 308 0.282443 0.000030 -5.2 1.13 1.60 
20 0.282447 0.000012 0.00260 0.0770 308 0.282432 0.000024 -5.6 1.18 1.62 
21 0.282384 0.000018 0.00286 0.0849 308 0.282367 0.000036 -7.9 1.28 1.76 
29 0.282487 0.000010 0.00082 0.0223 308 0.282482 0.000020 -3.9 1.07 1.51 
30 0.282416 0.000021 0.00201 0.0574 308 0.282404 0.000042 -6.6 1.20 1.68 
14 0.282435 0.000016 0.00219 0.0606 464 0.282416 0.000032 -2.7 1.18 1.56 
24 0.282499 0.000009 0.00088 0.0218 479 0.282491 0.000018 0.3 1.05 1.39 
25 0.282316 0.000014 0.00082 0.0195 556 0.282307 0.000028 -4.5 1.30 1.74 
10 0.282097 0.000014 0.00094 0.0257 647 0.282086 0.000028 -10.3 1.61 2.17 
31 0.281842 0.000014 0.00073 0.0201 717 0.281832 0.000028 -17.7 1.95 2.67 
15 0.282429 0.000020 0.00190 0.0439 811 0.282400 0.000040 4.5 1.18 1.38 
Madridejos monzogranite (110341) 
2 0.282493 0.000017 0.00088 0.0243 301 0.282488 0.000034 -3.8 1.06 1.51 
3 0.282477 0.000019 0.00128 0.0368 301 0.282470 0.000038 -4.5 1.09 1.55 
8 0.282371 0.000011 0.00172 0.0480 301 0.282361 0.000022 -8.3 1.26 1.78 
13 0.282450 0.000013 0.00066 0.0171 301 0.282446 0.000026 -5.3 1.11 1.60 
14 0.282463 0.000016 0.00089 0.0237 301 0.282458 0.000032 -4.9 1.10 1.57 
15 0.282403 0.000022 0.00097 0.0267 301 0.282398 0.000044 -7.0 1.19 1.70 
16 0.282431 0.000017 0.00143 0.0413 301 0.282423 0.000034 -6.1 1.16 1.65 
21 0.282529 0.000015 0.00010 0.0031 301 0.282528 0.000030 -2.4 0.99 1.42 
23 0.282382 0.000021 0.00325 0.0958 301 0.282364 0.000042 -8.2 1.29 1.78 
24 0.282431 0.000013 0.00095 0.0282 301 0.282426 0.000026 -6.0 1.15 1.64 
25 0.282490 0.000019 0.00102 0.0300 301 0.282484 0.000038 -3.9 1.07 1.51 
10 0.282058 0.000028 0.00132 0.0399 555 0.282044 0.000056 -13.8 1.68 2.31 
* Inherited zircons having U–Pb ages highly discordant (> 25% discordance) or high common Pb (> 2% 
common-Pb). 
176Lu decay constant (1.865x10-11) from Scherer et al. (2001). 




The provenance of peraluminous S-type granitoids is usually attributed to melting of crustal rocks, 
either by metasediments (metapelites, greywackes) (e.g., Chappell y White, 1974; Chappell, 1979) or 
by felsic metaigneous (orthogneisses) (e.g., Villaseca et al., 1998a, b; Clemens, 2003), or by a 
contribution of crustal- and mantle-derived materials (e.g., Castro et al., 1999; Patiño Douce, 1999; 
Healy et al., 2004; Dias et al., 2002; Kemp et al., 2007). In the MTB, the absence of basic rocks 
suggests that mantle-derived magmas did not interact with these crustal melts and, therefore, a 
metasedimentary source is postulated for the generation of the W-MTB granitoids, whereas the 
protolith of the E-MTB is more consistent with a metaigneous affinity (Villaseca et al., 2008b; Merino 
Martínez et al., 2014). The geochemical and isotope signatures of the MTB granitoids, together with 
the zircon trace-element and isotopic composition are consistent with this hypothesis. In the next 
sections, a clear evidence of the involvement of different sources (metasedimentary vs felsic 
metaigneous) in this composite batholith is given, constraining the most plausible protoliths within the 
CIZ. 
 
VI.4.i.- Contrasting sources recorded in the zircon trace-element composition 
The higher crystallisation temperatures estimated for the western MTB granites also advocate to 
different sources or contrasted melt-production mechanisms to those from the eastern part. Type-1 and 
type-2 granodiorites to monzogranites have crystallisation temperatures always higher than type-3 
granites (mean T between 850 and 815 °C in types-1 and -2 granitoids, and from 795 to 790 °C in 
type-3 series), either calculated on the basis of Zrn melt saturation (Watson and Harrison, 1983) or by 
Ti-in-zircon thermometry (Ferry and Watson, 2007) (Figs. 59, 83; Tables 1 and 10, respectively; see 
chapter IV). The lower temperatures of the E-MTB granitoids are quite similar to those estimated for 
S-type granitoids from the SCS batholith (844–784 °C Fig. 83; Orejana et al., 2012b). These different 
temperatures may also account for contrasted water contents in the melt or, in the case of the E-MTB 
and SCS granitoids, the addition of the required amount of water in order to achieve the necessary 
magma melting conditions (Miller et al., 2003). A high H2O activity in the source may facilitate the 
incorporation of Al in the melt, giving rise to a higher peraluminous affinity (Acosta-Vigil et al., 
2003). Nevertheless, the higher Ca contents of type-3 granitoids, likely derived from metaigneous 
sources, yield to these granitoids the lowest peraluminousity of all MTB series. In this regard, it is 
possible that a mixed source, composed of metaigneous and metapelitic rocks (with a higher amount 
of water), may account for being the protolith of the eastern segment of the batholith. 
Most zircons (magmatic and inherited) from the MTB granitoids show steep REE patterns 
(mostly in the HREE), typical of zircon growth withouth the competition of other HREE crystallising 
and fractionating phases and of garnet-free metamorphic rocks (e.g., Rubatto and Williams, 2000; 
Hermann et al., 2001; Rubatto et al., 2001). Some Variscan zircon grains show flat HREE patterns 




explained by the crystallisation of zircon contemporaneously with residual garnet at the source region 
(e.g., Harley et al., 2007). Nevertheless, the low Y and Ce contents of these zircons (Fig. 30A; 
Supplementary Table 2) probably suggest co-crystallisation with other (Y-Ce-HREE)-rich accessory 
phases (i.e., monacite (Ce), xenotime and/or garnet, if present). Since no garnet has been found in 
type-2 granitoids (it is only present in some aplitic dikes), and garnet from the type-1 (Azután 
granodiorite) and type-3 granitoids seems to be restitic in origin (Fig. 6, see also section IV.4.iii, and 
Andonaegui, 1990), monazite and xenotime can be considered the most important Y-Ce-HREE 
competing phases with zircon. In addition, the P2O5 concentrations in type-2 granitoids were 
sufficiently high to promote monazite and xenotime precipitation and even allow the inclusion of 
relatively high P amounts in the zircon structure and in most rock-forming minerals, and this would be 





Although most of the analysed zircon grains show similar chondrite-normalised REE patterns 
(Figs. 31, 34), only those from the western segment share one common variation trend. The presence 
of extremely low La and high Ce magmatic and inherited zircon cores in the W-MTB granites might 
suggest the involvement of source rocks alike in both type-1 and type-2 granitoids. These similar 
patterns do not confirm that they are derived from a single source or from a homogeneous source 
region, but suggest that they could be derived from common crustal rock-types (Hoskin and Ireland, 
2000; Hoskin and Schaltegger, 2003). In fact, the preservation of the same REE patterns in zircon as 
those from the source, due to the slower diffusion of REE with respect to Pb (Cherniak et al., 1977; 
Lee et al., 1997), has been previously found in zircon from metamorphic rocks (e.g., Hermann et al., 
2001, and references therein). The absence of this REE pattern in zircons from type-3 granites may 
suggest derivation from a different source (Figs. 31, 34).  
Figure 83. Whole-rock zircon saturation 
temperatures (Watson and Harrison, 1983) 
of MTB granitoids and average Ti-zircon 
temperatures (Ferry and Watson 2007, 
calculated at a(SiO2) = 1 and a(TiO2) = 1 
for types-1 and -2 granitoids; a(SiO2) = 1 
and a(TiO2) = 0.7 for type-3 granitoids; 
see chapter IV for explanation) of the 
studied granitoid samples. B: Belvís 
pluton; N: Navalmoral pluton; P: Peraleda 
pluton; A: Aldeanueva pluton; MV: Mora-
Las Ventas pluton; M: Madridejos pluton. 
Symbols are as in Figures 79 and 81. 
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It is important to note that most of the Neoproterozoic zircons (up to 700 Ma) of the W-MTB 
granitoids (both type-1 and type-2) show similar Hf contents, in the range between 7260 and 11977 
ppm, whereas those from the E-MTB granites present higher Hf concentrations (always higher than 
13337 ppm; Fig. 84). On the contrary, Neoproterozoic inheritances from 700 to 1000 Ma of type-2 
granites show contrasted higher Hf zircon contents (>11774 ppm) than in those from type-1 and type-3 
granitoids (<9508 ppm). Similar Hf contents are found in Paleoproterozoic inheritances of both type-1 
and type-2 granitoids (Fig. 84). This might suggest that type-1 and type-2 granitoids have constrated 
heterogeneous metasedimentary sources, and these souces are probably different than those from type-
3 granites. The presence of Ordovician inherited zircons only found in type-3 granitoids (with similar 
high Hf concentrations than their Neoproterozoic inheritances; Figs. 73, 84; Table 13), also suggests 
the involvement of a different source for this peraluminous series, which record zircons that grew in 





VI.4.ii.- Granitoid sources from zircon isotope signature 
The absence of Variscan zircons with juvenile (depleted mantle-like) Hf-isotope composition in any 
granitoid type (Figs. 81A, B) makes very unlikely the possibility of any mixing process with mantle-
derived mafic magmas. Most of the MTB granitoids display a dominant Neoproterozoic population of 
inherited zircons. However, Cambrian, Mesoproterozoic, Paleoproterozoic and Archean ages are only 
found in the western segment of the batholith. This wide range of inherited zircons may suggest 
melting of either a heterogeneous crustal source or a metasedimentary protolith composed of distinct 
zircon provenances. Cambrian inheritances are also found in other peraluminous Variscan plutons 
from Central Iberia (e.g., the Nisa-Alburquerque batholith; Solá et al., 2009). Several metasedimentary 
Figure 84. Hf zircon composition (in 
ppm) of magmatic and inherited 




areas from the Central Iberian Zone display Cambrian to Archean zircons: low-grade metasediments 
from the Schist Greywacke Complex (S-CIZ), high-grade metasediments from the Spanish Central 
System and the Anatectic Complex of Toledo (N-CIZ; Castiñeiras et al., 2008; Talavera et al. 2012), 
and lower crustal granulite xenoliths from the SCS (N-CIZ; Orejana et al., 2011). The probability 
density curve obtained for W-MTB granitoids (Fig. 85) closely resemble that of the metasediments 
from CIZ in their high abundance of Neoproterozoic inheritances (with the main peak located at about 
620–590 Ma), the scarcity of late Mesoproterozoic ages (∼1500–1200 Ma) and the presence of 
inherited zircons up to the Neoarchean. 
 
 
Figure 85. U–Pb probability density plots of inherited zircons from A) W-MTB (types-1 and -2) granitoids 
compared to those from the metasedimentary sequences of the CIZ (S-CIZ and N-CIZ; Castiñeiras et al., 2008; 
Fernández-Suárez et al., 2000b; Gutiérrez-Alonso et al., 2003; Teixeira et al., 2011; Talavera et al., 2012); and 
B) E-MTB (type-3) granitoids in comparison with zircons from orthogneisses of the Spanish Central System 
(SCS; Zeck et al., 2007a; Castiñeiras et al., 2008; Orejana et al., 2011; Talavera et al., 2013), where 
downgraded shadow areas represent the U–Pb age ranges for inherited zircons from the  MTB granitoids. 
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The widespread presence of Cryogenian and Ediacaran inherited zircons with radiogenic ƐHf 
values (up to +10) in type-1 and type-2 granitoids evidences the major involvement of a 
Neoproterozoic crustal source with an important contribution of juvenile Panafrican and Cadomian 
materials (Figs. 81B, 86A). These highly positive ƐHf values (> +5) are not found in Neoproterozoic 
zircons from N-CIZ metasediments (Fig. 86B; Teixeira et al., 2011). In addition, the mean wole-rock 
ƐNd300 values and Nd model ages of the S-CIZ metasediments (–5.06, equivalent to 1390 Ma; Fig. 87; 
mean data taken from Beetsma, 1995; Ugidos et al., 1997; Rodríguez-Alonso et al., 2004; and 
Villaseca et al., 2014a) clearly overlap the youngest zircon Hf crustal model ages of these granitoids 






Figure 86. ƐHf values of magmatic and inherited zircons from A) W-MTB (type-1 and type-2) and B) 
E-MTB (type-3) granitoids. The Hf isotope compositional fields of zircons from metasediments of the 
S-CIZ (light green field; Teixeira et al., 2011; Orejana et al., 2014a, b; Supplementary Table III) and 
the N-CIZ (dashed line field; Teixeira et al., 2011; Orejana et al., 2014, a, b; Supplementary Table III), 
and from SCS metaigneous rocks (orthogneisses and felsic granulite-xenoliths, pink field and dotted 
line field, respectively; Villaseca et al., 2011a, 2014b) are shown for comparison.  
 
It is important to remember that the distinct Sr–Nd isotope composition of the extremely high 
type-1 peraluminous samples (Figs. 40, 79; Table 2) suggests the involvement of metasediments from 
the northern sector of the Central Iberian Zone (N-CIZ) as crustal protolith. The whole-rock Nd TDM of 
these granitoids samples and the peak of Hf TDMC ages registered in zircon partially overlap the Nd 
protolith age range of the N-CIZ metasediments (Fig. 87; Tables 2, 13). Hence, the bulk rock 
composition and the isotopic signatures of type-1 granitoids together with the Hf-isotopes in zircon, 




It is remarkable that only type-3 intrusions contain Lower Ordovician inherited magmatic 
(oscillatory-zoned) zircons (479–464 Ma; Figs. 72F, 73; Table 13), some of them even surrounding 
Neoproterozoic cores (Fig. 72F). These zircons must be inherited from the Early Ordovician magmatic 
event, widely distributed within the Central Iberian Zone, thus suggesting the involvement of pre-
Variscan metaigneous rocks in the granite source. In the neighbour Spanish Central System region 
(Figs. 1, 71A), there is a large extension of outcropping felsic metaigneous rocks (orthogneisses) of 
that age (e.g., Valverde-Vaquero and Dunning, 2000; Zeck et al., 2007a; Montero et al., 2009; Rubio 




Moreover, metaigneous felsic granulite xenoliths from lower-crustal levels (probably derived 
from Ordovician orthogneissic protoliths) have also been found within post-orogenic Permian mafic 
magmas (Villaseca et al, 1999; Fernández-Suárez et al., 2006; Orejana et al., 2011; Villaseca et al., 
1999, 2011a). These metaigneous rocks show a large proportion of xenocrystic zircon (higher than 70–
80%; Bea et al. 2007), although they rarely display ages older than Cryogenian, as observed in the 
MTB type-3 granites studied here (Figs. 73, 85). Early Ordovician and a few Neoproterozoic inherited 
zircons are also present in the SCS granitoids, which is interpreted as a general feature of CIZ 
metaigneous-derived granitoids (e.g., Fernández-Suárez et al., 2011; Orejana et al., 2012b; Villaseca et 
al., 2012). A clear overlap is found in the Hf-isotope composition of pre-Variscan zircons from the 





ages of type-3 granitoids overlap the Nd TDM range of these Ordovician metaigneous rocks 
(Fig. 87). All these features indicate that type-3 granitoids were likely derived from deep-seated 
Ordovician felsic peraluminous metaigneous protoliths similar to those outcropping in central Spain 
(within the Spanish Central System).  
Figure 87. Hf crustal model ages (Hf TDMC) 
histogram for Variscan zircons of the different 
MTB granitoids types (vertical bars). The 
whole-rock Nd model ages (Nd TDM) are 
shown as horizontal bars for the MTB 
granitoids (in the upper inset), and for the 
metasedimentary sequences from the CIZ (S-
CIZ and N-CIZ; data taken from Beetsma 
(1995), Ugidos et al. (1997), Rodríguez-
Alonso et al. (2004) and Villaseca et al. 
(1998b, 2014a), and for the metaigneous rocks 
(orthogneisses) from the Spanish Central 
System (SCS; taken from Castro et al., 1999, 
and Villaseca et al., 1998b). Upside down 
triangles represent the mean Nd TDM values of 
each lithology described above. 
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VI.4.iii.- Trace-element modelling of partial melting processes 
In order to evaluate the proposed source rocks, a trace-element modelling of partial melting have been 
performed to simulate the initial bulk geochemistry of the intermediate MTB peraluminous granitoids 
using the batch melting equation (CL = C0/D(1–F)+F) (Fig. 88). This model assumes that the melt 
remained in contact with residual crystals during the melting process. Hence, the results would likely 
simulate the bulk composition of the partial melts, considering the high amount of restitic components 
in almost all granite series (see chapter II). The initial source compositions (C0) are averaged values 
for those protoliths evaluated in the previous section, assuming that they would be equivalent to the 
real sources involved (Fig. 88): i) metapelites from the N-CIZ (NCIZAS; Villaseca et al., 2014a); ii) 
metapelites from the S-CIZ (NIBAS; Ugidos et al., 2010); and iii) orthogneisses from central Spain 
(SCSAO; Villaseca et al., 1999, and unpublished data). The minerals involved in the melting reactions 
are those typical of peraluminous granulites (e.g., Villaseca et al., 1999). The best-fit results imply the 
involvement of the mineral proportions shown within each diagram. The partition coefficients are 
those used by Guo and Wilson (2012) and Harris and Inger (1992) to constrain the generation of the 
Himalayan leucogranite melts by partial melting of metapelitic rocks. 
The partial melting modelling using the NCIZAS source composition shows simulated melts 
with trace-element concentrations approaching those of type-1 granitoids (Fig. 88), with the best-fit 
obtained at high melting rates (F = 0.6). These results suggest that the N-CIZ metasediments were 
involved in the generation of the most peraluminous units as was also suggested by their highly 
negative ƐNd300 values (Figs. 40, 79). Modelling using NIBAS as starting composition yields a good 
fit if the results (F = 0.2–0.5) are compared to type-2 granitoids (Fig. 88), clearly suppporting the 
contribution of S-CIZ metasediments in the generation of these granite melts. Magmas generated by 
melting of these metasediments also define similar patterns to those of the less Nd-radiogenic type-1 
granitoids (which overlap the Sr–Nd isotope composition of type-2 granitoids; e.g., 110821), involving 
similar mineral proportions and melt fractions. Finally, the model based on partial melting of 
metaigneous rocks from central Spain (SCSAO) shows results which closely match the trace-element 
geochemistry of type-3 monzogranites (involving a higher proportion of feldspars; Fig. 88), and 
supports the participation of sources similar to these orthogneisses. 
Apatite, monazite and xenotime are not included in these melting models, since no results fit 
well with the trace-element composition of the MTB granitoids. These calculations do not model the 
influence of the peritectic and/or accessory mineral entraintment (disequilibrium melting), but it is 
illustrative of the influence of the source composition and the main minerals involved in the melting 
reaction, assuming that the Y-REE-rich accessory phases (i.e., zircon, monazite, xenotime, apatite) 
were dissolved in the melt during progressive melting. Nevertheless, it is possible that the partial melts 
entrained some peritectic and accessory minerals previously to their dissolution, inheriting their final 
granite trace-element composition (e.g., Villaros et al., 2009). In fact, apatite and monazite might have 
been incorporated into the melt, thus contributing to the perphosphorous character of the W-MTB 




Villaros et al., 2009). This would agree with the preservation of old xenocrystic (402–683 Ma) and 
pre-magmatic (~333 Ma) monazite cores as remnants of pre-Variscan metasediments and the syn-
collisional Variscan metamorphism, respectively, in some MTB intrusions (see chapter V.2). 
 
The above results likely suggest that the contrasted composition of the different MTB granitoid 
types is mainly dictated by differences in the protolith nature and their trace-element contents are 
controlled by the amount and composition of the main and accessory phases involved in the melting 
reaction (Fig. 88). Nevertheless, although the composition and the water content of the source are the 
Figure 88. Results of trace-element modelling of partial melting processes for the MTB granitoids normalised 
to the bulk continental crust (Rudnick and Gao, 2003). The initial compositions used in the modelling are 
shown in the inset (NCIZAS: averaged composition of the N-CIZ shales taken from Villaseca et al., 2014a; 
NIBAS: North Iberian Averaged Shale, Ugidos, 2010; the Pb content of NIBAS has been calculated using an 
averaged composition of S-CIZ shales from Villaseca et al., 2014a; SCSAO: averaged composition of 
orthogneisses from the Spanish Central System, taken from Villaseca et al., 1999). The Kd´s used for the 
modelling are those used by Harris and Inger (1992) and Guo and Wilson (2012), except for rutile (Jenner et 
al., 1993; Foley et al., 2000). The parental (intermediate) melt compositions are plotted for comparison (grey 
field; Fig. 39; Table 1). The coloured lines represent the fraction of the modelled partial melts (F = 0.1–0.6).  
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most important factors that control the composition of the partial melts, other factors, such as the 
temperature of anatexis (or melt fraction), might have also influenced the chemistry of the parental 
magmas (e.g., Ayres and Harris, 1997). The model shows that rocks similar to the northern CIZ 
metasediments could be advocated as likely sources for type-1 granitoids. However, the isotopic 
heterogeneity of these plutons points to a more complex melting scenario, probably requiring a 
mixture of metasedimentary rocks with variable geochemical affinity (northern and southern CIZ). On 
the other hand, the origin of types-2 and -3 MTB granitoids seems to be associated with components 
akin to southern CIZ metasediments and metaigneous rocks, respectively. Hence, this modelling 
agrees with the conclusions derived from whole-rock Sr–Nd isotope geochemistry, U–Pb 
geochronology and Hf-isotope zircon composition. Nevertheless, these models have to be taken as 
broad approximations, since the input parameters are always subjected to some degree of uncertainty, 
and the calculations have been done using averaged compositions. 
 
VI.4.iv.- Influence of the source composition in the evolution of granite melts 
The nature and composition of the granite source directly influence the later crystallisation behaviour 
of the granite melts and therefore, the element distribution between the different mineral phases. The 
contrasted peraluminousity of type-1 and type-2 granitoids could be explained by the higher 
abundance of restitic component in type-1 granitoids, different partial melting conditions, or the 
amount and nature of the peritectic minerals entrained during the partial melting process (e.g., 
Villaseca et al., 1998a; Clemens, 2003; Stevens et al., 2007; Villaros et al., 2009, 2012; Clemens et al., 
2011; Clemens and Stevens, 2012). Nevertheless, although type-2 and type-3 granitoids have a slightly 
negative slope in the A-B diagram (Figs. 3), both the monzogranites and the most felsic units of the 
type-2 granitoids (W-MTB) are more peraluminous in composition. Indeed, the most fractionated units 
from the E-MTB are less peraluminous compared to the W-MTB leucogranites (Figs. 3, 35). The 
higher CaO, Na2O, FeO, Sr, Ba and Y-LREE, and the lower P2O5, K2O and Rb contents and Zr/Y and 
(La/Yb)n ratios of the E-MTB granitoids with respect to types-1 and -2 W-MTB granitoids (Figs. 36, 
37, 38, 39) likely suggest: i) contrasted differentiation degrees, with a higher contribution of 
fractionating (Y-LREE)-rich accessory phases (e.g., Bea et al., 2003), ii) the selective entrainment of 
peritectic minerals (e.g., Stevens et al., 2007; Villaros et al., 2009), and/or iii) the involvement of 
different source rocks (e.g., Pressley and Brown, 1999). Some authors (Clemens, 2003; Stevens et al., 
2007; Villaros et al., 2009, 2012; Clemens et al., 2011; Clemens and Stevens, 2012) consider that the 
entrainment of peritectic (i.e., garnet, cordierite) and accessory phases (i.e., zircon, monazite) directly 
influences the composition and the chemical evolution of the granite melts. This would be in 
accordance with the higher Zr, Ce and LREE whole-rock contents shown in types-1 and types-2 
intermediate granitoids: entrainment of zircon and monazite. Type-1 units also present high HREE 
contents (Fig. 39), and their high amount of restites would suggest entrainment of peritectic garnet 
(and cordierite) and accessory zircon. On the contrary, type-3 units are richer in Y-HREE (Figs. 37, 




crystals might suggest the preservation of monazite from the source region after partial melting 
processes (Fig. 74). Nevertheless, although the influence of entrained peritectic and accessory 
minerals cannot be discarded, the geochemical and isotopic features of the MTB granitoids suggest 
that the composition and the chemical evolution of these granite melts are mostly derived and 
influenced by their own source (see previous discussion), and accordingly, each peraluminous series 
follows distinct geochemical trends. 
The high phosphorous content of the type-2 granitoids could be a consequence of their high 
peraluminousity, as dissolution of apatite increases in such melts (e.g., Pichavant et al., 1992; Bea et 
al., 1994a; Wolf and London, 1994) or, alternatively, it can reflect inheritance from a P-rich source. 
Crustal sources with the highest phosphorous enrichments are pelitic shales (e.g., Gromet et al., 1984). 
The initially high phosphorous contents of metapelitic protoliths are reflected in the granitic melts that 
they produce, because phosphorous is more soluble in peraluminous compositions. The early 
crystallisation of plagioclase, which removes calcium from the melt, would not allow to consume 
phosphorous in the form of apatite, contributing to a perphosphorous granite trend (London, 2008). 
Nevertheless, the P2O5 concentration of these type-2 perphosphorous melts, derived by a P-enriched 
source, is sufficiently high to induced not only the crystallisation of apatite and other phosphate-rich 
minerals (i.e., monazite, xenotime), but it is also responsible for the relatively high P concentration of 
almost all rock-forming minerals from the monzogranite units (feldspars, micas, tourmaline, zircon 
and even garnet in the aplitic dikes from type-2 granitoids; Figs. 12, 16, 25, 28, 32). 
The Sr–Nd isotopic variability in granites has been related to: i) melting reactions, at different 
temperature and water contents, involving main rock-forming minerals (feldspars and, especially, 
micas) in conjuction with apatite and monazite dissolution at the source region, which may contribute, 
respectively, to increase the initial Sr ratios, and the P2O5 contents and radiogenic Nd signature in the 
melt (e.g., Ayres and Harris, 1997; Zeng et al., 2005); ii) extensive fractionation, which also increases 
the Rb/Sr ratios of the melts (e.g., Chappell, 1979) and influences the solubility of accessory phases 
(e.g., London, 1992b; Champion and Bultitude, 2013), and iii) reflect an isotopically heterogeneity of 
the source region (e.g., Clemens and Stevens, 2012; Farina and Stevens, 2011). Melts formed by 
partial dehydration disequilibrium melting of micas and/or feldspars may have a Sr–Nd isotope 
composition considerably different from that of the source rocks (e.g., Zeng et al., 2005). As a whole, 
the Rb/Sr ratios of pelites are much higher than those of average crustal rocks (typically about 0.5-1; 
Miller et al., 2011). The Rb/Sr ratios of the W-MTB granitoids range from 0.4 to 12.2, whereas those 
from the E-MTB are more restricted between 1 and 2.8 (Table 1). However, it is worth to note that 
fractional crystallisation played an important role in the W-MTB magmatism, since the most evolved 
W-MTB granites are those that show the highest isotope heterogeneities (initial 87Sr/86Sr ratios from 
0.707 to 0.723, and ƐNd values from –4 to –7; Figs. 40, 79; Table 2). Nevertheless, the heterogeneous 
bulk-rock features of the W-MTB granitoids may more likely reflect the inherited signature of a P-rich 
and an isotopically heterogeneous source, as their whole-rock P2O5 contents and their initial Sr–Nd 
isotope composition are significantly variable even when excluding the most fractionated 
leucogranites (Figs. 36, 40, 79). 
Chapter VI.- Granitoid sources 
 
 234 
Therefore, the differences between MTB granitoid types are not only restricted to those linked 
with distinct sources, but also indicate contrasting fractionation processes. In general, granites of the 
hP field (Fig. 3) show shorter fractionation degrees than typical mP/lP or I-type granites (Villaseca et 
al., 1998b). Thus, low-Ca (Sr, Ba) granites in the most felsic plutons of the W-MTB are uncommon in 
peraluminous granite suites. The high degree of differentiation in type-2 MTB granites is illustrated by 
the strong enrichment of P2O5 and other incompatible elements in correlation with the increase in the 
peraluminousity (and the silica contents) of their most evolved units (up to 0.87 wt.% P2O5; Fig. 36; 
Table 1), which represents a different evolutionary path to that of type-3 granitoids. Other singular 
characteristic of the differentiation process in type-2 granitoids resides in the behaviour of Eu: the high 
concentrations of Eu in some of their accessory minerals (i.e., apatite, monazite, xenotime; Fig. 34) 
probably promoted the uncommon slighty positive to negative Eu anomalies found in feldspars from 
the most fractionated units (Fig. 15). Furthermore, the crystallisation of the above Y-HREE-Th 
accessory phases, together with the absence of U-rich fractionating minerals (e.g., uraninite), induces a 
relative enrichment in U when decreasing the Th-LREE contents in the most evolved granites (the 
Belvís pluton; Figs. 37, 38), which would account for the extreme U concentrations hosted in several 
of these accessory minerals. This trend (increasing of U when decreasing the Th contents) is quite 
different to that found in other S-type (P-poor) peraluminous granitoids (increasing of U at constant 
Th values through differentiation, with a high Th depletion in the most evolved units) and in I-type 
granitoids series (slight increase of both U and Th contents) (see Pérez-Soba et al., 2014). On the 
contrary, Ca and Eu in type-3 monzogranites are mostly hosted in plagioclase (Figs. 12, 15). Hence, 
their most fractionated melts are highly depleted in both elements (Figs. 37, 38). The lower P contents 
in type-3 series probably reduced the competition for Ca between plagioclase and other phosphate 
minerals, and likely promoted a higher amount of Ca in plagioclase from this peraluminous suite when 
compared to that of plagioclase from the other granitoid series (see chapter II; Supplementary Table I). 
These latter features seem to indicate that a higher fractionation involving feldspars explain the 
extreme depletion in Sr-Ba-Eu in these type-3 granitoid series (Figs. 37, 42). 
In addition, although there is not available whole-rock B concentrations in the MTB granitoids, 
most minerals from the type-2 peraluminous series are slightly enriched in B (Supplementary Table 
II). In fact, many of these intrusions are tourmaline-bearing granites, and the amount of modal 
tourmaline increases with melt differentiation. The presence of tourmaline-bearing granites is usually 
related to the partial melting of B-rich sources, and the enrichment in boron through fractionation is 
commonly known due to the strong incompatibility of B in the melt, which is progressively 
incorporated in the mineral phases of the most fractionated granites (e.g., Dutrow and Henry, 2011). 
Although B-rich sources are usually related to hydrothermal alteration of the oceanic crust, they are 
also attributed to pelagic sediments (e.g., Dutrow and Henry, 2011, and references therein), as are the 
metasediments from the Schist-Greywacke Complex (Rodríguez-Alonso et al., 2004). 
According to the above evidences, the different geochemical signatures acquired by the parental 
magmas due to partial melting of distinct source rocks would exert a main influence on the subsequent 




differentiation degree and to explain the geochemistry of the most evolved MTB granites, the process 
of fractional crystallisation has been also modelled following the Rayleigh equation (CL = C0F(D-1)). 
The initial compositions used in the modelling are intermediate compositions of each granitoid type 
(Table 1). The distribution coefficients considered are those used for crystallisation of peraluminous 
magmas at high crustal levels (see caption to Fig. 89). The fractionating mineral proportions are 
shown within each diagram, corresponding to the estimated modal composition of the selected 
intermediate melts for each granitoid suite. The results indicate that type-1 leucogranites show the 
lowest fractionation proportions (F = 10%; Fig. 89) of all MTB granitoids, in accordance with their 
short Rb-Sr-Ba variation (Fig. 42). Feldspar accumulation in some leucogranite units would originate 
a positive Eu anomaly (Fig. 89). On the other hand, both type-2 and type-3 leucogranites might have 
experienced much higher fractional crystallisation degrees (up to 80%; Fig. 89), although different 
mineral proportions were involved during fractionation. The results obtained by these fractional 
crystallisation models reinforce the conclusions established on the basis of other geochemical data. 
More restricted examples of fractional crystallisation modelling within single MTB felsic intrusions 
have been described in chapter III for the Belvís pluton (Merino et al., 2013a) and in Andonaegui and 
Villaseca (1998) for the Mora-Las Ventas pluton, yielding similar results to those obtained here. 
 
Figure 89. Trace-element modelling of fractional 
crystallisation of the MTB granitoids, normalised to 
chondrite (Sun and McDonough, 1989). The initial 
compositions (black solid lines) are intermediate 
parental melts of each granitoid suite, and some 
representative evolved compositions of each series 
are plotted for comparison (grey solid lines; see 
Table 1). The Kd´s used for the modelling are those 
used by Arth (1976) and Nash and Crecraft (1985) 
for feldspars, biotite and ilmenite; by Sawka (1988) 
for apatite; and by Yurimoto et al. (1990) for 
monazite and zircon. The Kd´s used for xenotime are 
extrapolated from the trace-element zircon values (in 
the range of 5x to 50x; after Cocherie, 1984). Dotted 
lines represent the composition of the fractionated 
liquids calculated at the fractionation values and 
mineral proportions shown in each diagram. 
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VI.4.v.- Crustal recycling within intracontinental settings 
The isotope composition of the MTB granitoids clearly evidences the continuous crustal recycling 
within intracontinental settings. According to many authors (e.g., Fernández-Suárez et al., 2000b; 
Gutiérrez-Alonso et al., 2003; Martínez-Catalán et al., 2007; Rodríguez-Alonso et al., 2004; Bea et al., 
2010; Díez Fernández et al., 2010, 2012; Villaseca et al., 2011a, 2014a; Ábalos et al., 2012; Orejana et 
al., 2014a, b) the S-CIZ metasediments are composed by detrital materials derived from old recycled 
orogens. Nevertheless, these metasedimentary sequences not only record a recycled component of 
crustals materials from old basements (of Archean–Paleoproterozoic ages; Orejana et al., 2014a, b), 
but also include a juvenile magmatic input during Neoproterozoic times, shown by their highly 
negative and positive ƐHf values in their Neoproterozoic zircon crystals (Fig. 86A; Orejana et al., 
2014a, b; Supplementary Table III). On the contrary, this juvenile component is absent in the N-CIZ 
Neoproterozoic metasedimentary sequences (Fig. 86A) which, together with their less radiogenic 
(more negative) ƐNd whole-rock values (Fig. 79), suggest different sedimentary source regions and/or 
marginal (micro) domains deposited in separated basin environments (Villaseca et al., 2014a; Orejana 
et al., 2014a, b). This juvenile component is clearly recorded in type-1 and type-2 granitoids from the 
MTB (Fig. 86), and has also been found in other S-type granitoids from the CIZ (e.g., Teixeira et al., 
2011; Chicharro et al., 2013, 2014), evidencing the important role played by the recycling of pre-
orogenic metasedimentary rocks within continental collisional settings. 
It is interesting to note that the metaigneous rocks from central Spain (peraluminous 
orthogneisses from the Spanish Central System) also record this S-CIZ juvenile ƐHf component in 
their Neoproterozoic inheritances (Fig. 86B). This radiogenic Neoproterozoic signature led to some 
authors to conclude that this Ordovician magmatism was also generated by partial melting of 
metasedimentary sequences similar to those found in the S-CIZ (metasediments from the Schist-
Greywacke Complex; Villaseca et al., 2014b). This would suggest a continuous contribution and 
recycling of CIZ metasediments in the generation of granite melts through orogenic times. Type-3 
granitoids do not present this juvenile component in their Neoproterozoic inheritances (Fig. 86B), as 
also occurs in other S-type granitoids from the Spanish Central System (Villaseca et al., 2012). 
Nevertheless, they show a metaigneous like-composition and ƐNd whole-rock values quite similar to 
those from the SCS orthogneisses (Fig. 79). Hence, this metaigneous derivation not only reveals the 
implication of metaigneous sources alike in their genesis, but also evidences that metaigneous rocks 
are clearly involved in the crustal recycling event which also gives rise to the origin of the MTB, and 








VI.4.vi.- Generation of S-type granitoids within a highly radioactive thickened 
crust 
Partial melting experiments demonstrate the generation of S-type peraluminous melts from 
metasedimentary and metaigneous rocks at variable P–T conditions (e.g., Vielzeuf and Holloway, 
1988; Holtz and Johannes, 1991; Patiño Douce and Johnston, 1991; Patiño Douce and Beard, 1995). 
Experiments on metapelitic rocks suggest that muscovite dehydration-melting (at 650–750 ºC) can 
only produce low melt fractions in water absent conditions (supposing a water-free context in the 
lower- to middle-crust), and biotite dehydration-melting (at 850–900 ºC) is required to generate melt 
fractions large enough to mobilise melt and build granitic batholiths (e.g., Patiño Douce et al., 1990). 
The estimated temperatures for the crystallisation of the MTB monzogranites to granodiorites are 
mostly constrained between 770 and 880 ºC (Figs. 57, 58, 59, 83; Tables 1, 9, 10), with types-1 and -2 
granitoids displaying higher averaged temperatures when compared to type-3 granitoids (848–814 ºC 
and 790 ºC, respectively, based on zircon saturation geothermometry; Table 1; Watson and Harrison, 
1983). These averaged temperatures are quite similar to those estimated using Ti-in zircon 
geothermometry (Ferry and Watson, 2007): 834 ºC for type-1 granitoids, 832 ºC for type-2 granitoids, 
and 794 ºC for type-3 granitoids; Figs. 59, 83; Table 10). If these crystallisation temperatures (up to 
880 ºC) are considered as a minimum temperature of melting, the partial melting experiments in 
peraluminous rocks (metapelites and metagreywackes) carried out at that T conditions (and at 
pressures of 5–10 kbar) would yield melt fractions in the range of 30 to 50%, depending of the source 
composition (e.g., Johannes and Holtz, 1996), but in good agreement with the extent of partial melting 
deduced by trace-element modelling for the MTB granitoids.  
The geothermobarometry performed in anatectic complexes from central Spain yield P–T 
conditions up to 770 ºC at 4–5 kbar in the SCS (e.g., Martín Romera et al., 1999; Bea et al., 1994b; 
Villaseca et al., 2008a) and 800 ºC at 4–6 kbar in the ACT migmatites (e.g., Barbero, 1992b), which 
clearly indicate that high temperatures existed at mid-crustal levels. Thermobarometric calculations 
based on mineral chemistry of lower crustal peraluminous granulite xenoliths from central Spain yield 
P–T conditions of 900–1000 ºC and 9–11 kbar (Villaseca et al., 1999; Orejana et al., 2011). These 
values would clearly allow the production of large melt fractions, either by fertile or unfertile crustal 
materials (melt fractions of circa 0.75 and 0.25, respectively, at 850 °C; Bea, 2012) by biotite 
dehydration-melting. But the question which arises is the following: where the necessary heat is 
coming from to produce this granite magmatism? Two main alternatives have been conmonly 
invoked: mantle heat flow and radioactive production (e.g., Clark et al., 2011, and references therein). 
Since there is no evidence for convective heating from mantle-derived melts due to the almost total 
absence of this basic component in central Spain, and more specifically in the Montes de Toledo 
batholith, during the Variscan cycle, the possibility of an important heat advection from the mantle to 
generate partial melting at lower to middle crustal levels is dismissed. Accordingly, it is more likely 
that the heat supplied for crustal melting may be mainly generated by the radioactive character of the 
continental crust itself (involving heat-producing elements such as K, Th and U; e.g., England and 
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Thompson, 1984; Patiño Douce et al., 1990; Bea et al., 2003; Villaseca et al., 2005b; Bea, 2012; 
Jiménez-Díaz et al., 2012).  
According to England and Thompson (1984) and Patiño Douce et al (1990), melting of a 
thickened continental crust is mainly favoured by the magnitude of the heat generated within the crust 
rather than that provided by the lithospheric mantle. Thermal models performed within central Spain 
(Spanish Central System and Toledo Basin, including the E-MTB) have estimated a current thickness 
of the continental crust from 28 to 35 km (Jiménez-Díaz et al., 2012), with temperatures between 630 
and 700 ºC at Moho levels. This latter study also establishes that the calculated surface heat flow is 
much higher (of about four times) than the mantle heat flow, suggesting that most of the heat 
production is provided by intracrustal processes. In fact, the high average heat production of the 
exposed Ordovician orthogneisses and the metasedimentary sequences from central Spain clearly 
supports that similar rocks might have produced enough heat to generate granitic melts during a 
continental collision-related orogeny (Bea et al., 2003; Villaseca et al., 2005b; Jiménez-Díaz et al., 
2012), especially taking into account the associated doubling of the thickness of the SCS crust during 
Variscan times (Barbero and Villaseca, 2000). It is worth to note that the lower crust under central 
Spain is essentially a felsic residuum (Villaseca et al., 1999), showing the maximum contents of heat-
producing elements known in lower crustal xenolith suites (Rudnick and Gao, 2003). A post-kinematic 
character of granitoids is expected for thickening events (20–40 Ma; e.g., Patiño Douce et al., 1990), 
as the partial melting of a radiogenic continental thickened crust is estimated to produce granite melts 
after 30 to 40 Ma of thermal maturation (e.g., Bea, 2012). 
 
VI.4.vii. I- and S-type dichotomy 
The commonly used nomenclature of Chappell and White (1974) for granitoids generated by partial 
melting of metasedimentary (S-type) or metaigneous (I-type) rocks seems to be not conclusive in all 
instances. In continental collisional orogenic settings, where the continental crust is composed of 
variably heterogeneous materials (Rudnick and Gao, 2003), the involvement of metaigneous rocks in 
partial melting processes should be expected (e.g., Miller, 1985; Clemens, 2003; Kurhila, et al., 2010). 
Some authors explain the chemical and isotopic variations in granitic magmas via mixing with mantle-
derived materials (e.g., Healy et al., 2004; Kemp et al., 2007; Teixeira et al., 2011). Nevertheless, the 
isotopic signature of S-type magmas is not exclusively derived from mixing of mantle and crustal 
melts at the time of magma generation. It also depends on the radiogenic source-inherited 
composition. In fact, it has been shown in many cases that the major geochemical and isotopic 
differences in granite melts are mainly derived from source heterogeneities and/or heterogeneous 
sources, partial melting conditions, the stoichiometry of the melting reaction and the nature of the 
peritectic minerals entrained in the melt (Deniel et al., 1987; Villaseca et al., 1998a; Presley and 
Brown, 1999; Stevens et al., 2007; Villaros et al., 2009; Clemens et al., 2011; Farina and Stevens, 




The I/S boundary line of the A-B diagram (see inset in Fig. 3) clearly discriminates between the 
peraluminousity of I- and S-type granitoids, supporting their derivation from intermediate to mafic 
metaigneous or metasedimentary rocks, respectively (Patiño Douce and Beard, 1995; Villaseca et al., 
1998a). However, peraluminous metaigneous crustal sources may be also involved in the genesis of S-
type moderately peraluminous magmas. This was also clearly demonstrated from partial melting 
experiments on metaigneous rocks (e.g., Holtz and Johannes, 1991; Patiño Douce and Beard, 1995) 
and described in other regional studies (e.g., Miller, 1985; Sylvester, 1998; Villaseca et al., 1998a, b, 
2008b, 2012; Clemens, 2003; Kurhila et al., 2010; Orejana et al., 2011; Clemens and Stevens, 2012; 
Merino Martínez et al., 2014), and also stated in this study. In the MTB, type-3 granitoids evidence 
derivation from crustal sources where felsic peraluminous metaigneous rocks have been significantly 
involved. In fact, the composition of the lower crust in central Spain is essentially felsic (Villaseca et 
al., 1999), thus clearly supporting the involvement of metaigneous materials to produce S-type 
granitoids within large intracontinental batholiths. 
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The main conclusions taken from this study as are follows: 
 
Peraluminous granite types in the MTB 
The Montes de Toledo batholith is a composite S-type plutonic array in which three different 
peraluminous granitoid types have been recognised. Type-1 granitoids are extremely high 
peraluminous, type-2 are highly peraluminous, whereas type-3 are moderately peraluminous. Type-1 
and type-2 granitoids are concentrated in the W-MTB, whereas type-3 granites are mostly restricted to 
the E-MTB. Distinct crustal sources are the responsible for the initial whole-rock geochemical and 
isotopic differences, whereas fractional crystallisation explains the composition of the most evolved 
leucogranitic units. 
Type-1 granitoids are enriched in restitic components. They are characterised by a sharp 
decrease of both peraluminousity and maficity parameters starting from the highest values found in the 
whole MTB. Type-1 granitoids have high metals (FeOt, MgO, MnO, Ni, V), Th, Y and REE contents 
and low CaO, Na2O, Rb, Hf and U concentrations. These type-1 granitoids are very scarce and 
represent less than 5% of the MTB outcropping area.  
Type-2 granitoids are highly peraluminous and are characterised by a minor increase of the 
peraluminousity value towards the most fractionated granites. Type-2 granites show high P2O5, K2O, 
Rb, Zn, Ta, Th, U, Pb, LREE contents, and low CaO, Na2O, FeO, MnO, Ba, Sr, Cs, Ni, and Y 
concentrations. Some of the most evolved granites of this series are enriched in different incompatible 
elements (i.e., U, Be, Zn/Fetotal), and present accessory mineral assemblages uncommon in granites 
(such as the assemblage of chrysoberyl, beryl and gahnite in the Belvís de Monroy pluton). Type-2 
granites are the most common in the W-MTB, comprising nearly half of the total volume of the 
batholith.  
 Type-3 granitoids are the less peraluminous series of the MTB and are characterised by a steady 
increase in the peraluminousity value with fractionation. This pattern explains the presence of 
aluminium silicates only restricted to the most evolved granites. Although restitic and 
metasedimentary enclaves are widespread in all granite types, mafic microgranular enclaves are 
restricted to type-3 granitoids. This series have the highest CaO and the lowest P2O5 concentrations of 
all MTB granitoids, and are usually richer in Y-HREE and poorer in LREE. They also display higher 




Fractional crystallisation processes within the MTB 
Fractional crystallisation processes played an important role in the evolution of the MTB granite 
magmatism. The trace-element modelling performed in the different peraluminous series of the 
batholith reveals that type-1 granitoids show the lowest fractionation degrees of all granitoid series 
(10% of fractionation vs up to 80% of fractionation of types-2 and -3 granitoids). This short 
fractionation is uncommon in S-type granites. 
The most interesting examples of fractionation are found in type-2 granitoids, which show a 
high increase of P2O5 concentrations towards increasing the magma differentiation, and present 
plutonic units with such high enrichments of incompatible elements that promote the crystallisation of 
amazing accessory phases. This is the case of the Belvís de Monroy pluton. 
The Belvís peraluminous pluton is reversely zoned. The concentration of some elements follows 
an increasing trend from the central to the border unit, as shown by the enrichment in P, Na, Li, F, Rb, 
Sr, Be, B, Ta and U both in the whole-rock geochemistry and in the chemistry of the main rock-
forming minerals. Trace-element modelling reveals that the border unit could be derived by fractional 
crystallisation processes from a parental monzogranitic melt of similar bulk composition to that of the 
central unit. Nevertheless, the different initial Sr-Nd isotopic signatures of the three leucogranitic units 
suggest that there was not enough time for homogenisation before crystallisation. The heterogeneities 
found both in whole-rock and isotope composition are mostly inherited from the source area. The 
origin of this reverse zoning is probably related to the ascent of different pulses of mostly coeval 
leucogranitic magmas, previously generated by fractional crystallisation processes within a deeper 
magma chamber. 
An exotic accessory mineral assemblage has been found in the most evolved marginal facies of 
the pluton composed of gahnite, chrysoberyl and beryl. Such a mineral assemblage within a highly 
evolved leucogranite has not been described previously in an igneous setting. The absence of 
replacement textures between beryl chrysoberyl and gahnite, and the main associated minerals, 
together with other textural and chemical features, suggests a magmatic origin. 
The crystallisation of these minerals seems to be mainly controlled by the melt chemistry, 
instead of pressure and temperature conditions. The high Al contents and the increase in the 
concentration of some trace-elements (Be, and Zn with respect to Fe) during granite melt fractionation, 
could stabilize gahnite, beryl and chrysoberyl as minor accessory minerals. Moreover, the 
peraluminousity of the melt, together with slight changes of Si and Al activities in microdomains, may 
explain the formation of a complex assemblage of aluminous minerals composed of sillimanite, 
muscovite, cordierite, gahnite, beryl, chrysoberyl and Al-rich phosphates. This mineral association 
required equilibrium crystallisation from a beryllium-, phosphorus-, and boron-rich aluminosilicate 
melt, in which small changes in the silica and alumina activities promoted the preferential 
crystallisation of beryl + chrysoberyl (higher silica and lower alumina activity) or chrysoberyl + 




Emplacement age of the batholith 
The Montes de Toledo batholith was emplaced during the Variscan orogeny between 316 and 297 Ma. 
These emplacement ages have been obtained by using U–Th–Pb chemical dating of monazite and U–
Pb zircon geochronology techniques, and are in accordance with the major post-collisional character 
of other granites from the Central Iberian Zone. Igneous zircons and monazites of individual samples 
record similar ages (i.e., 314 ± 3 Ma by U–Th–Pb chemical dating of monazite and 310 ± 4 Ma by U–
Pb zircon geochronology in the Belvís pluton, both ages overlapping within analytical error), and 
therefore monazite can safely be used to estimate the emplacement age of these granites. 
Most intrusions from the Montes de Toledo batholith are post-tectonic granitoids, with the 
exception of the Azután pluton (type-1), which is classified as late-tectonic with respect to the D3 
deformation phase. Hence, the MTB pluton amalgamation during Variscan time lasted as long as 19 
Ma, when initial magmatism was coeval with the regional late extensional deformation phases 
associated with the orogen collapse and continuing more abundantly during post-tectonic stages. The 
geochronological data point to two main magmatic pulses in the MTB. Type-1 granitoids were the first 
emplaced magma pulse (316 Ma), although other later magma batches intruded successively and 
possibly mixed locally at depth due to the slower cooling rates of this pluton. Type-2 and type-3 
granitoids, which conform almost the whole batholith intrusion, are mostly coeval, and were emplaced 
within a time span constrained at the end of the Carboniferous (between 310 and 297 Ma). The 
intrusion age obtained for the Azután granodiorite and the Belvís de Monroy leucogranite would imply 
a syn- to late-tectonic character, also corroborated by the concordant orientation between its internal 
deformation structures and coeval tectonic structures in the outcropping metamorphic rocks. By 
contrast, the post-tectonic features of the other studied MTB intrusions are in accordance with their 
younger crystallisation ages. Thus, most MTB intrusions are post-tectonic, with the exception of type-
1 granitoids (the Azután pluton), and probably the Belvís type-2 leucogranite, which would be 
classified as syn- to late-tectonic. These data are in agreement with the short time span for the 
intrusion of late- to post-tectonic Variscan magmas in central Spain. 
The preservation of older monazite domains, either as corroded cores or domains with patchy 
zoning in two samples, accounts for pre-magmatic monazite crystallisation events. The two average 
ages of 333 ± 18 and 333 ± 5 Ma, obtained in the Torrico and Belvís de Monroy granites, respectively, 
likely represent equivalent metamorphic ages extracted from inherited monazites of the Schist-
Greywacke Complex. Some magmatic zircons from the Azután pluton also yield similar older ages 
(~331 Ma) and may suggest the incomplete dissolution of zircon crystals and record the older anatectic 
and partial melting events. Their similarity with the Visean age of metamorphism established in other 








The MTB is geochemically and isotopically segmented. In the W-MTB, type-1 and type-2 granitoids 
are dominant and show a higher modal amount of Al-rich minerals (andalusite, sillimanite, cordierite 
and tourmaline) and restitic components (e.g., micaceous enclaves). On the contrary, these minerals 
are scarcer in the E-MTB granites, which belong exclusively to type-3 series, and present an 
appreciable amount of mafic microgranular enclaves. 
The western part of the batholith shows a higher peraluminous affinity, and higher P, K, Rb, U, 
Th and LREE contents, whereas the eastern segment is enriched in Ca, Na, Fe, Mn, Sr, Cs, Ni and Y. 
The W-MTB granitoids also yields a lower fractionation degree and have initial Sr ratios much more 
heterogeneous than the E-MTB granites. Furthermore, the ƐNd300 values of this latter segment are 
slightly more negative than the W-MTB average ƐNd300 (–6.3 vs –5.6). The calculated temperatures 
for the MTB granitoids, based in whole-rock and mineral chemistry, suggest that those from the W-
MTB are hotter (880–860 °C) than the granitoids emplaced in the eastern segment (about 800 °C). 
U–Th–Pb monazite dating and U–Pb zircon geochronology reveals that granites emplaced in the 
western sector (the Azután and Belvís plutons) give the oldest crystallisation ages of the batholith (316 
and 310 Ma, respectively), coindicent with the late-deformation stages of the CIZ. Nevertheless, most 




U–Pb geochronology and Hf-isotope zircon signatures coupled with the whole-rock geochemical data 
and trace-element modelling reveal the involvement of diverse crustal protoliths in the origin of the 
different MTB peraluminous series. Type-1 and type-2 granitoids were mostly derived from 
metasedimentary sequences similar to the regional Schist-Greywacke Complex (southern Central 
Iberian Zone metasediments, S-CIZ), as suggested by common Panafrican to Cadomian age zircon 
populations with highly positive ƐHfi values. This is also supported by their similar Nd isotopic 
signatures (mean ƐNd values between –5.6 and –5.1) and trace-element partial melting models from 
the average composition of S-CIZ metasediments (NIBAS). Nevertheless, the distinctly negative 
ƐNd300 signature of some mafic type-1 granodiorites (from –8.9 to –9.4) suggests the participation of 
other metasedimentary unit (similar to that from the northern Central Iberian Zone, N-CIZ). 
The contrasting bulk composition of type-3 granitoids (low peraluminousity and high Ca-Na 
contents) suggests involvement of metaigneous rocks. This is confirmed by the presence of inherited 
Ordovician magmatic zircons and the low abundance of zircon inheritance older than Neoproterozoic. 
The mean whole-rock ƐNd and TDM values, together with the zircon Hf isotope composition, indicate a 
genetic relationship between type-3 granitoids and peraluminous Early Ordovician metaigneous rocks 




The crystallisation of these magmas started at an approximate temperature of 880–800 °C (from 
types-1 to -3 granitoids), and the estimated P–T emplacement conditions of the MTB granitoids, based 
on the whole-rock and mineral geothermometry, the host-rock contact metamorphism induced by 
some intrusions, and the stability of Al-rich minerals, are in the range of 750 to 630 °C at 1–2 kbar, 
after progressive granite melt fractionation. 
The absence of mantle-derived magmas during the Variscan cycle in most batholiths from 
central Spain, together with data based on the thermal structure of the crust and the high concentration 
of radioactive elements (i.e., U and Th) in the CIZ crustal rocks, point to radioactive heat production 
during crustal thickening as the main mechanism responsible for the partial melting involved in the 
Variscan felsic magmatism. The available P–T estimates in outcropping migmatitic complexes and 
lower crustal granulites from central Spain agree with the achievement of high temperatures at deep 
crustal levels, similar to those estimated for the MTB granitoids (from 880 to 800 °C). Extensive 
biotite dehydration-melting at fluid absent conditions is likely to have occurred through adiabatic 
decompression during the orogen collapse after the stacking of continental crust slices composed of 
highly radioactive metasedimentary and metaigneous materials, similar to the sources evaluated in this 
work. 
It is interesting to point out the role played by crustal recycling during the evolution of the 
continental crust. The partial melting of S-CIZ metasediments, which were derived by a combination 
of detrital materials from old basements and juvenile components from the Cadomian magmatic arc, 
transmit these signatures to the final granite melts, which is recorded by the recycled and juvenile ƐHf 
values of the Neoproterozoic inheritances, respectively, from type-1 and type-2 granitoids. Similar 
occurs in type-3 granitoids, which probably inherited their higher Ca contents and ƐNd whole-rock 
values and their Ordovician inheritances from similar metaigneous rocks from central Spain. All these 
data evidence the continuous crustal reworking and recycling attained within intracontinental settings. 
Finally, it is worthwhile to note that the nomenclature used to discriminate granitoids derived 
from igneous (I-type) and sedimentary (S-type) sources has to be taken with caution, because a 
significant part of S-type granites may also be derived from metaigneous rocks, as it has been shown 
in this study and other previous works, or the possible mixed contribution of both crustal sources. 
Although it is a useful discriminator in most cases, a detailed study on whole-rock geochemistry, 
zircon geochronology and isotopic composition is necessary to precisely constraint the nature of the 
granite sources in the composite batholiths, as the Montes de Toledo batholith. 
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CONCLUSIONES FINALES 
Las principales conclusiones extraídas de este estudio son las siguientes: 
 
Tipos graníticos peralumínicos del BMT 
El batolito de los Montes de Toledo (BMT) es una asociación plutónica de tipo-S en la que se han 
reconocido tres tipos de granitoides peralumínicos diferentes. Los granitoides de tipo-1 son 
extremadamente peralumínicos, los de tipo-2 son altamente peralumínicos, mientras que los de tipo-3 
son moderadamente peralumínicos. Los granitoides de tipo-1 y tipo-2 se concentran en el sector 
occidental del batolito (W-BMT), mientras que los de tipo-3 se encuentran principalmente en el 
segmento oriental (E-MTB). La influencia de fuentes corticales distintas es la responsable de las 
diferencias geoquímicas e isotópicas iniciales de roca total, mientras que los procesos de cristalización 
fraccionada explican la composición de las unidades leucograníticas más evolucionadas. 
Los granitoides de tipo-1 están enriquecidos en componentes restíticos. Se caracterizan por una 
fuerte disminución de peraluminosidad y maficidad a partir de los valores más altos encontrados en 
todo el BMT. Los granitoides de tipo-1 tienen altos contenidos en metales (FeOt, MgO, MnO, Ni, V), 
Th, Y y REE, y bajas concentraciones de CaO, Na2O, Rb, Hf y U. Estos granitoides de tipo-1 son muy 
escasos y representan menos del 5 % de la superficie total de afloramiento del BMT. 
Los granitoides de tipo-2 son altamente peralumínicos y se caracterizan por un menor aumento 
del valor de peraluminosidad hacia los granitos más fraccionados. Estos granitoides muestran altas 
concentraciones de P2O5, K2O, Rb, Zn, Ta, Th, U, Pb, LREE, y bajas concentraciones de CaO, Na2O, 
FeOt, MnO, Ba, Sr, Cs y Ni. Algunos de los granitos más evolucionadas de esta serie están 
enriquecidos en diferentes elementos incompatibles (por ejemplo, U, Be, relaciones Zn/Fetotal), y 
presentan asociaciones minerales accesorias poco comunes en granitos (como es la asociación de 
crisoberilo, berilo y gahnita en el plutón Belvís de Monroy). Los granitoides de tipo-2 son muy 
comunes en el W-BMT, comprendiendo casi la mitad del volumen total del batolito. 
Los granitoides de tipo-3 conforman la serie menos peralumínica del BMT. Estos granitos son 
los únicos que presentan enclaves microgranulares máficos (tonalíticos a granodioríticos en 
composición). Esta serie se caracteriza por un aumento constante en el valor de peraluminosidad con 
el fraccionamiento. Este patrón explica la presencia de silicatos de aluminio restringida únicamente en 
los granitos más evolucionados. Aunque la presencia de enclaves restíticos y metasedimentarios es 
generalizada en todos los tipos graníticos, los enclaves microgranulares máficos se limitan a los 
granitoides de tipo-3. Esta serie presenta las mayores concentraciones de CaO y las menores de P2O5 
de todos los granitoides del BMT, y en general están es más rica en Y-HREE y más pobre en LREE. 




Procesos de cristalización fraccionada dentro del BMT 
Los procesos de cristalización fraccionada jugaron un papel importante en la evolución del 
magmatismo granítico del BMT. La modelización de elementos traza realizada en las distintas series 
peralumínicas del batolito lo apoya claramente, y revela que los granitoides de tipo-1 muestran los 
grados más bajos de fraccionamiento de todas las series graníticas (10 % de fraccionamiento vs hasta 
80 % de fraccionamiento de los granitoides de tipos-2 y -3). Este bajo fraccionamiento es poco común 
en los granitos de tipo-S. 
Los ejemplos más interesantes de fraccionamiento se encuentran en los granitoides de tipo-2, 
que muestran un fuerte aumento de las concentraciones de P2O5 correlativo al aumento de la 
diferenciación del magma, y muestran unidades plutónicas con tan altos enriquecimientos de 
elementos incompatibles que promueven la cristalización de fases accesorias extrañas en granitos. Este 
es el caso del plutón Belvís de Monroy. 
El plutón peralumínico de Belvís presenta un zonado inverso. La concentración de algunos 
elementos sigue una tendencia creciente desde el núcleo hasta la unidad de borde del plutón, como 
muestra el enriquecimiento en P, Na, Li, F, Rb, Sr, Be, B, Ta y U tanto en la geoquímica de roca total 
como en la química de los minerales principales de la roca. La modelización de elementos traza revela 
que la unidad de borde podría estar derivada por procesos de cristalización fraccionada a partir de un 
fundido parental monzogranítico similar en composición al de la unidad central. Sin embargo, las 
diferentes signaturas isotópicas iniciales de Sr–Nd de las tres unidades leucograníticas sugieren que no 
hubo tiempo suficiente (o flujo convectivo en la cámara) para la homogeneización de los distintos 
pulsos antes de la cristalización. Las heterogeneidades que se encuentran en la composición isotópica 
de roca total son probablemente heredadas de la región fuente. El origen del zonado inverso estaría 
relacionado con el ascenso de los diferentes pulsos de magmas leucograníticos, probablemente 
coetáneos, que evolucionaron previamente mediante procesos de cristalización fraccionada dentro de 
una cámara magmática común situada en profundidad. 
Una exótica asociación mineral accesoria se ha encontrado en la unidad marginal más 
evolucionada del plutón, compuesta por gahnita, crisoberilo y berilo. Tal asociación mineral dentro de 
un leucogranito altamente evolucionado no ha sido descrita previamente en un ambiente ígneo. La 
ausencia de texturas de reemplazamiento entre crisoberilo, berilo y gahnita, y entre los minerales 
principales asociados, junto con otras características texturales y químicas, sugiere un origen 
magmático para esta asociación mineral. 
La cristalización de estos minerales parece estar controlada principalmente por la química del 
fundido granítico, más que por las condiciones de presión y temperatura. Los altos contenidos de Al y 
el aumento de la concentración de algunos elementos traza (Be, y Zn con respecto al Fe) durante el 
fraccionamiento, podría dar lugar a la estabilización de gahnita, berilo y crisoberilo como minerales 
accesorios minoritarios. Por otra parte, la alta peraluminosidad del fundido, junto con ligeros cambios 
en las actividades de Si y Al en pequeños microdominios, podría explicar la formación de un conjunto 




crisoberilo y fosfatos ricos en Al. La cristalización en equilibrio de esta amplia asociación mineral 
requiere un fundido aluminosilicatado rico en berilio, fósforo y boro, en el que pequeños cambios en 
las actividades de sílice y alúmina promovieron la cristalización preferencial de berilo + crisoberilo 
(actividad de sílice más alta que la actividad de alúmina) o crisoberilo + gahnita (actividad de sílice 
inferior y actividad de alúmina más alta) en discretos microdominios de escala milimétrica. 
 
Edad de emplazamiento del batolito 
El batolito de los Montes de Toledo se emplazó durante la orogenia Varisca entre 316 y 297 Ma. Estas 
edades de emplazamiento han sido obtenidas empleando tanto la datación química U–Th–Pb en 
monacita como geocronología de U–Pb en circón, y están de acuerdo con el carácter mayoritariamente 
post-colisional de otros granitos de la Zona Centro-Ibérica. En la mayoría de los casos, tanto los 
circones ígneos como las monacitas de la misma muestra registran edades muy similares (p.e., edad de 
314 ± 3 Ma mediante datación química U–Th–Pb en monacita, y de 310 ± 4 Ma mediante 
geocronología U–Pb en circón en el plutón de Belvís, ambas edades superpuestas dentro del error 
analítico), y por tanto la datación de monacita puede ser usada de manera precisa para estimar las 
edades de emplazamiento de estos granitos. 
La mayoría de las intrusiones del batolito de los Montes de Toledo son post- tectónicas, con la 
excepción del plutón de Azután (tipo-1), que se clasificaría como tardi-tectónico con respecto a la fase 
de deformación D3. Por lo tanto, el amalgamamiento plutónico del BMT durante el periodo Varisco 
duró hasta 19 Ma. El magmatismo inicial fue coetáneo con las fases finales regionales de deformación 
extensional asociadas con el colapso orogénico, y continuando más abundantemente durante las etapas 
post-tectónicas. Los datos geocronológicos apuntan a dos principales pulsos magmáticos en el BMT. 
Los granitoides de tipo-1 fueron el primer pulso de magma en emplazarse (316 Ma), aunque otros 
pulsos magmáticos más tardíos irrumpieron sucesivamente y, posiblemente se mezclaron localmente 
en profundidad, debido a las velocidades de enfriamiento más lentas de este plutón. Los granitoides de 
tipo-2 y de tipo-3, que conforman casi la totalidad de las intrusiones del batolto, son casi coetáneos, y 
se emplazaron  dentro de un lapso de tiempo limitado a finales del Carbonífero (entre 310 y 297 Ma). 
Las edades de intrusión obtenidas para la granodiorita de Azután y el leucogranito de Belvís de 
Monroy implicarían un carácter tardi-tectónico, que se corroboraría por la orientación de sus 
estructuras de deformación interna concordante y coetánea con las estructuras tectónicas de las rocas 
metamórficas aflorantes. Por el contrario las características post-tectónicas de las otras intrusiones 
estudiadas del BMT están de acuerdo con sus edades de cristalización más jóvenes; por  tanto, la 
mayoría de las intrusiones del BMT son post-tectónicas, con la excepción de los granitoides de tipo-1 
(el plutón de Azután), y, probablemente, el leucogranito de Belvís (tipo-2), que se clasificarían como 
sin- a tardi-tectónicas. Estos datos están de acuerdo con lapso de tiempo obtenido para la intrusión de 
magmas tardi- a post- tectónicos Variscos en el centro de España. 
La preservación de dominios más antiguos en monacita, ya sea en núcleos corroídos o dominios 




monacita. Dos edades promedio de 333 ± 18 y 333 ± 5 Ma se han obtenido en los granitos de Torrico 
y de Belvís de Monroy, respectivamente, probablemente representando edades metamórficas 
equivalentes extraídas de monacitas heredadas del Complejo Esquisto-Grauváquico. Algunos circones 
magmáticos del plutón Azután también muestran edades antiguas similares a éstas (~331 Ma) y 
podrían sugerir la disolución incompleta de circón y registrar los eventos anatécticos y de fusión 
parcial en el área. Su similitud con la edad Viseense establecida para el metamorfismo en otros 
sectores del centro de España (~332 Ma) relaciona estos datos con la fase de deformación dúctil 
Varisca D2. 
 
Segmentación del batolito 
El BMT está geoquímica e isotópicamente segmentado. En el W-BMT, los granitoides de tipo-1 y 
tipo-2 son dominantes y muestran una cantidad modal superior de minerales ricos en Al (andalucita, 
silimanita, cordierita y turmalina) y de componentes restíticos (como enclaves micáceos). Por el 
contrario, estos minerales son más escasos en los granitos del E-BMT, los cuales pertenecen 
exclusivamente a las series de tipoe-3, y presentan una apreciable cantidad de enclaves 
microgranulares máficos. La parte occidental del batolito muestra una mayor afinidad peralumínica, y 
más altos contenidos de P, K, Rb, U, Th y LREE, mientras que el segmento oriental está enriquecido 
en Ca, Na, Fe, Mn, Sr, Cs, Ni y Y. Los granitoides del W-BMT también presentan unos grados de 
fraccionamiento más bajos que los granitos del E-BMT. Por otra parte, los granitoides del W-BMT 
tienen relaciones iniciales de Sr mucho más heterogéneas que los del E-BMT, y los valores de ƐNd300 
de este último segmento son ligeramente más negativos que los valores medios de ƐNd300 del W-BMT 
(–6.3 vs –5.6). Las temperaturas de cristalizaión calculadas para los granitoides del BMT, en base a la 
geoquímica de roca total y la química mineral, sugieren que los del W-BMT son más calientes  (880–
860 °C) que los grannitoides emplazados en el sector oriental (alrededor de 800 °C). 
La datación U–Th–Pb de monacita y la geocronología U–Pb en circón revela que los granitos 
emplazados en el sectores occidental del batolito (los plutones de Azután y Belvís) muestran las 
edades de cristalización más antiguas del batolito (316 y 310 Ma, respectivamente), coindidentes con 
las etapas de deformación tardías de la ZCI. No obstante, la mayoría de los granitoides de tipos-2 y -3 
del BMT son coetáneous, y los datos de U–Pb actuales son aún muy escasos para establecer de forma 
segura una tendencia geocronológica.  
 
Modelo petrogenético 
La geocronología U–Pb y las signaturas isotópicas de Hf en circón, junto con los datos geoquímicos 
de roca total y la modelización de elementos traza, revela la participación de diversos protolitos 
corticales en el origen de las diferentes series peralumínicas del BMT. Los granitoides de tipo-1 y 
tipo-2 se derivan principalmente de secuencias metasedimentarias similares a los complejos 




S-ZCI), como sugiere la presencia de poblaciones comunes de circones heredados de edad Panafricana 
a Cadomiense con valores de ƐHfi altamente positivos (hasta +10). Esto también se aprecia en sus 
similares signaturas isotópicas de Nd (valores medios ƐNd de –5.6 y –5.1, respectivamente) y por la 
modelización de fusión parcial en base a la composición media de elementos traza de los 
metasedimentos del S-ZCI (NIBAS). Sin embargo, los valores de ƐNd300 tan negativos encontrados en  
algunas granodioritas de tipo-1 (–8.9 a –9.4) sugieren la participación de otra unidad metasedimentaria 
(similar a la del dominio septentrional de la Zona Centro-Ibérica, N-ZCI). 
La contrastada composición de los granitoides de tipo-3 (baja peraluminosidad y altos 
contenidos de Ca y Na) sugiere la participación de rocas metaígneas. Esto se confirma por la presencia 
de circones magmáticos heredados de edad Ordovícica y la baja abundancia de circones heredados 
más antiguos del Neoproterozoico. Los valores medios de ƐNd y TDM de roca total, junto con la 
composición isotópica de Hf en circón, indican una relación en la génesis de los granitoides de tipo-3 
granitoides con y rocas metaígneas peralumínicas del Ordovícico Inferior similares a las que afloran 
en el centro de España. 
La cristalización de estos magmas graníticos comenzó a una temperatura aproximada de 880–
800 °C (desde los granitoides de tipos-1 a -3), y las condiciones P–T de emplazamiento estimadas para 
los granitoides del BMT, en base a la geotermometría de roca total y mineral, el metamorfismo de 
contacto inducido por varias intrusiones, y la estabilidad de minerales ricos en Al, se encuentran en el 
rango de 750 a 630 °C y 1–2 kbar, finalizado el progresivo fraccionamiento de estos fundidos 
graníticos. 
La ausencia de magmas derivados del manto durante el ciclo Varisco en gran parte de los 
batolitos del centro de España, junto con datos disponibles de la estructura térmica y de la alta 
concentración de elementos radiactivos de la corteza (p.e., K, U y Th), apuntan a que el principal 
mecanismo responsable del magmatismo félsico Varisco fue la producción de calor radiactivo durante 
el engrosamiento cortical. Las estimaciones P–T en afloramientos de complejos migmatíticos y de 
granulitas de la corteza inferior del centro de España indican que se alcanzaron altas temperaturas 
durante la fusión en los niveles corticales más profundos, similares a las estimadas para los granitoides 
del BMT (entre 880 y 800 °C). Es probable que la extensa fusión por deshidratación de biotita en 
condiciones anhidras ocurriese a partir de la descompresión adiabática durante el colapso orogénico, 
después del apilamiento de porciones de corteza continental compuesta por metasedimentos altamente 
radiactivos y materiales metaígneos, similares a las rocas fuente evaluadas en este trabajo. 
Es interesante destacar el papel jugado por el reclicaje cortical durante la evolución de la 
corteza. La fusión parcial de los metasedimentos de la S-ZCI, los cuales están derivados de una 
combinación de materiales detríticos procedentes de basamentos antiguos y de componentes juveniles 
del arco magmático Cadomiense, transmitió progresivamente estas signaturas a los fundidos graníticos 
finales. Esto se registra en los valores de ƐHf reciclados y juveniles de las herencias Neoproterozoicas 
de los granitoides de tipo-1 y de tipo-2. Algo similar ocurre en los granitoides de tipo-3 y en otros 




contenidos en CaO y los valores más negativos de ƐNd, junto con los circones de edad Ordovícica, de 
rocas metaígneas similares a las del centro de España. Todos estos datos evidencian la continua 
reelaboración y el reciclaje que se lleva a cabo en ambientes intracontinentales. 
Por último, vale la pena señalar que la nomenclatura utilizada para discriminar granitoides 
derivados de fuentes sedimentarias (tipos-S) y metaígneas (tipos-I) tiene que ser tomada con cautela, 
dado que una parte significativa de los granitos de tipo-S también puede estar derivada de rocas 
metaígneas, como se ha demostrado en este estudio y en otros trabajos anteriores, o de la posible 
contribución mixta de ambas fuentes corticales. Aunque es un discriminador útil en la mayoría de los 
casos, un estudio detallado en base a la geoquímica de roca total, geocronología y composición 
isotópica de circón es necesario para constreñir de forma precisa la naturaleza de las fuentes granitícas 
en los batolitos compuestos, tal como el batolito de los Montes de Toledo. 
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Table i.- Modal analyses (% volume of mineral in each sample) for representative samples from the 
MTB granitoids. 
 
Table ii.- Calculated molar fractions (XAl2SiO5) and equilibrium constants (KD= XSillAl2SiO5/XAndAl2SiO5) 






Figure i.- Detailed cartography of the western segment of the Montes de Toledo batholith (modified 
from IGME, 1985a, b, 1987, 2006a, b, 2009a, b, and ITGE, 1989a, b 1990). 
 
Figure ii.-  Sketch geological map of the western segment of the Montes de Toledo batholith showing 





Table i.- Modal analyses (% volume of mineral in each sample) for representative samples from the MTB 
granitoids. 
  
Pluton Sample Qtz Pl Kfs Bt Ms And Sil Crd Ap Tur Op Others Q A P 
Type-1 granitoids                 
Azután 106817 30 20 25 18 5 2 <1 <1 <1 0 <1 <1 40 33 27 
Azután 106820 24 42 10 22 1 0 1 <1 <1 0 <1 <1 32 13 55 
Azután 106821 25 44 11 18 1 <1 <1 1 <1 0 <1 <1 31 14 55 
Azután 110217 25 36 22 15 1 0 1 0 <1 0 <1 <1 30 27 43 
Azután 110218 27 32 18 17 2 0 1 2 <1 1 <1 <1 35 23 42 
Type-1 leucogranites                 
Azután 111367 29 28 32 1 8 0 <1 2 <1 <1 <1 <1 33 36 31 
Azután 111371 27 42 30 <1 1 0 <1 0 <1 0 <1 <1 27 30 42 
Type-2 granitoids                 
Navalmoral de la Mata 106804 28 25 36 6 5 0 <1 0 <1 0 <1 <1 31 40 28 
Navalmoral de la Mata 110179 27 38 20 12 3 0 <1 0 <1 0 <1 <1 32 24 45 
Navalmoral de la Mata 110183 31 20 40 4 5 0 <1 <1 <1 0 <1 <1 34 44 22 
Navalmoral de la Mata 110184 21 54 5 18 2 0 <1 <1 <1 0 <1 <1 26 6 68 
Navalmoral de la Mata 112400 23 50 7 16 4 <1 <1 0 <1 0 <1 <1 29 9 63 
Peraleda de San Román 106805 30 30 27 9 4 <1 <1 <1 <1 0 <1 <1 34 31 34 
Peraleda de San Román 106810 27 30 32 10 1 <1 <1 0 <1 <1 <1 <1 30 36 34 
Peraleda de San Román 106811 31 23 24 15 5 <1 <1 0 <1 0 <1 <1 39 30 29 
Peraleda de San Román 106815 28 34 28 4 6 0 <1 0 <1 0 <1 <1 31 31 38 
Villar del Pedroso 110049 32 30 27 7 4 <1 <1 <1 <1 <1 <1 <1 36 30 34 
Oropesa 110169 30 13 50 6 1 0 <1 0 <1 0 <1 <1 32 54 14 
Oropesa 110170 32 12 48 7 1 0 <1 0 <1 0 <1 <1 35 52 13 
Oropesa 110172 30 48 12 10 <1 0 <1 <1 <1 0 <1 <1 33 13 53 
Oropesa 110173 28 11 56 5 <1 0 <1 <1 <1 0 <1 <1 29 59 12 
Oropesa 110175 31 25 36 8 <1 <1 <1 0 <1 0 <1 <1 34 39 27 
Aldeanueva de Barbarroya 110210 35 30 28 2 5 0 <1 0 <1 0 <1 <1 38 30 32 
Puente del Arzobispo 111385 24 38 27 7 4 <1 <1 0 <1 0 <1 <1 27 30 43 
Type-2 leucogranites                 
Belvís de Monroy 106787 42 6 35 0 16 0 <1 0 0 0 1 1 51 42 7 
Belvís de Monroy 106788 35 20 32 <1 13 0 <1 <1 0 0 <1 <1 40 37 23 
Belvís de Monroy 106789 25 15 30 <1 30 0 0 0 0 0 <1 <1 36 43 21 
Belvís de Monroy 106791 31 25 33 2 9 0 <1 0 <1 <1 <1 2 35 37 28 
Belvís de Monroy 106795 37 16 25 2 20 0 <1 0 <1 <1 <1 <1 47 32 21 
Belvís de Monroy 112106 25 17 41 7 10 0 <1 0 <1 <1 <1 <1 30 49 20 
Belvís de Monroy 112107 30 10 22 1 15 0 <1 15 <1 7 <1 <1 48 35 16 
Valdeverdeja 110197 32 35 24 3 6 <1 <1 0 <1 <1 <1 <1 35 26 38 
Valdeverdeja 110198 38 24 27 4 7 <1 <1 0 <1 <1 <1 <1 43 30 27 
Valdeverdeja 112398 33 30 28 <1 9 0 <1 0 <1 <1 <1 <1 36 31 33 
Villar del Pedroso 110208 32 28 30 5 5 <1 <1 <1 <1 <1 <1 <1 36 33 31 
Type-3 granitoids                 
Torrico 110199 30 13 50 6 1 0 <1 0 <1 0 <1 <1 32 54 14 
Torrico 110203 18 30 42 8 2 0 <1 <1 <1 0 <1 <1 20 47 33 
Torrico 110206 25 12 56 6 1 0 <1 0 <1 0 <1 <1 27 60 13 
Mora-Las Ventas 110331 25 45 21 8 1 0 <1 0 <1 0 <1 <1 27 23 49 
Madriejos 110342 28 35 30 6 1 0 <1 <1 <1 0 <1 <1 30 32 38 
Type-1 leucogranites                 




Table ii.- Calculated molar fractions (XAl2SiO5) and equilibrium constants (Kd= XSillAl2SiO5/XAndAl2SiO5) for 






















Pluton Sample Mineral Analysis X Al2SiO5 Kd (Sill/And) 
Sil 58 0.97 
Azután 106817 
And 57 0.98 
0.995 
Sil 63 0.97 
Azután 106817 
And 62 0.97 
1.000 
Sil 65 0.96 
Azután 106817 
And 66 0.96 
0.987 
Sil 14 0.96 
Peraleda de San Román 106809 
And 13 0.99 
1.030 
Sil 74 0.97 
Peraleda de San Román 106809 
And 7 0.97 
1.003 
Sil 77 0.94 
Peraleda de San Román 106809 
And 6 0.96 
1.017 
Sil 76 0.96 
Peraleda de San Román 106809 
And 9´ 0.97 
1.010 
Sil 17 0.98 
Peraleda de San Román 106810 
And 18 0.96 
0.983 
Sil 66 0.96 
Peraleda de San Román 106810 
And 65 0.96 
1.000 
Sil 28 0.97 
Peraleda de San Román 106814 
And 28 0.94 
0.968 
Sil 31 0.98 
Peraleda de San Román 106814 
And 32 0.97 
0.991 
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Supplementary Material in DVD 
The Supplementary Tables I to III, together with the pdf version of this manuscript, can be found in 
the Supplementary Material folder of the DVD attached to this manuscript. This material can also be 
personally asked to the author (enriqmer@geo.ucm.es) or supervisors (granito@geo.ucm.es; 
dorejana@geo.ucm.es). Other material shown in the DVD are national and international contributions 
published during the performance of this PhD Thesis. The contents of the Supplementary Tables I to 
III are listed as follows:  
 
 
Supplementary Table I.- Major-element composition (wt.% oxide) of rock-forming minerals from 
the different peraluminous granitoids of the Montes de Toledo batholith.  
 
Supplementary Table II.- Trace-element composition (ppm) of rock-forming minerals from the 
different peraluminous granitoids of the Montes de Toledo batholith. 
 
Supplementary Table III.- Lu–Hf isotopic composition of detrital zircons from the different 
Neoproterozoic to Lower Cambrian metasedimentary sequences from the southern and northern 
domains of the Central Iberian Zone (S-CIZ and N-CIZ, respectively).  
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